Abstract Measured and calculated values of the effective quality factor Q ef and the site attenuation parameter κ 0 for unconsolidated and semiconsolidated sediments in eastern North America (ENA) indicate that the latter is strongly dependent on sediment thickness. Estimates of κ 0 for National Earthquake Hazard Reduction Program (NEHRP) BC site profiles (sediment plus hard rock) in the Mississippi Embayment and the Atlantic Coastal Plain were found to increase from about 9 to 31 msec for sediment thicknesses ranging from 116 to 600 m. Stochastic simulations using the 175 m thick hypothetical NEHRP BC site profile used to estimate ENA ground motions in the national seismic hazard maps by the U.S. Geological Survey (USGS) indicate that κ 0 20 msec provides a smaller estimate of amplification that agrees more closely with the low-strain short-period site coefficients in the NEHRP Recommended Provisions for Seismic Regulations for New Buildings and Other Structures (NEHRP Provisions) than the 10 msec value used by the USGS. A linear regression of the κ 0 estimates compiled in this study indicates that κ 0 20 msec corresponds to a relatively thick BC sediment thickness of 460 116 m. These same stochastic simulations indicate that the relatively shallow USGS site profile provides estimates of amplification that are smaller than the low-strain long-period site coefficients in the NEHRP Provisions. The dependence of both site attenuation and site amplification on sediment thickness suggests that the use of a single reference site condition for hazard mapping might not be appropriate. Instead, these results imply that either a regional set of reference site profiles should be developed or that a more uniform site condition such as hard rock should be used to define a more stable reference site condition in ENA.
Introduction
The U.S. Geological Survey (USGS) defines the reference site condition used in the development of the national seismic hazard maps as the boundary between the National Earthquake Hazard Reduction Program (NEHRP) site classes B and C (Frankel et al., , 2002 Petersen et al., 2008) . The USGS refers to this site condition as either firm rock or the NEHRP BC boundary. It corresponds to a site with a timeaveraged shear-wave (S-wave) velocity V S30 of 760 m=sec in the top 30 m of the site. The Building Seismic Safety Council (BSSC) uses the USGS hazard maps as the basis for developing seismic design maps in the NEHRP Recommended Provisions for Seismic Regulations for New Buildings and Other Structures (Building Seismic Safety Council [BSSC], 2004) , which are subsequently adopted for use in engineering practice by the American Society of Civil Engineers (ASCE, 2006) and in the International Building Code of the International Code Committee (ICC, 2006) . Ground motions on other site conditions are estimated by multiplying the mapped BC ground motions that are conservatively assumed to represent NEHRP B site conditions in these codes, by site coefficients that represent the following five site classes defined primarily in terms of S-wave velocity: A, V S30 > 1500 m=sec; B, V S30 760-1500 m=sec; C, V S30 360-760 m=sec; D, V S30 180-360 m=sec; and E, V S30 < 180 m=sec. As a result, it is crucial that the mapped ground motions in eastern North America (ENA) represent a BC site profile that has site-response characteristics that are consistent with those used to develop the NEHRP site coefficients, notwithstanding the fact that they are based on ground-motion data and site conditions typical of western North America (WNA) or more specifically, of California (Borcherdt, 1994; Dobry et al., 2000) .
Most of the contemporary ground-motion prediction equations (also known as attenuation relationships or ground-motion models) that are used to estimate peak ground-motion parameters and response spectra in ENA have been developed for hard-rock site conditions Boore, 1995, 1997; Toro et al., 1997; Somerville et al., 2001; Toro, 2002; Campbell, 2003; Silva et al., 2003 Campbell, 2004 Electrical Power Research Institute [EPRI], 2004; Tavakoli and Pezeshk, 2005) . These estimates are then often adjusted to BC site conditions using site amplification factors developed by the USGS for use in the national seismic hazard maps (Frankel et al., , 2002 Petersen et al., 2008) . Only a few ground-motion prediction equations have been developed directly for BC site conditions (Atkinson and Boore, 2006; Campbell, 2007; unpublished manuscript, 2009 ). In either case, stochastic simulations were used to calculate the period-dependent BC amplification factors using the quarter-wavelength method of Joyner et al. (1981) and Boore (2003) and the hypothetical S-wave velocity and density BC site profile proposed by Frankel et al. (1996) . The only difference is that the USGS used a site attenuation parameter κ 0 of 10 msec to adjust the hard-rock ground motions to BC site conditions; whereas, Atkinson and Boore (2006) and Campbell (2007; unpublished manuscript, 2009) used 20 msec in the development of their BC ground-motion prediction equations. Figure 1 demonstrates the impact that different values of κ 0 can have on Fourier spectral site amplifications predicted using the quarter-wavelength method.
In this article, I develop relationships between the effective S-wave quality factor Q ef and S-wave velocity of unconsolidated and semiconsolidated sediments in ENA and use these relationships to estimate κ 0 as a function of sediment depth for representative soil and NEHRP BC sites in the Mississippi Embayment and the Atlantic Coastal Plain. I also show that the low-strain short-period site coefficients in the NEHRP Provisions are consistent with a κ 0 of 20 msec when the USGS hypothetical BC site profile is used to estimate site amplification factors between hard rock and BC site conditions. In order to avoid confusion in what is meant by the terms used to describe the various parts of the site profile in this article, it is useful to define these terms in advance. The term geological profile is used to refer to the total geological structure from the ground surface to a depth corresponding to the earthquake source region (typically 5-10 km). This is often referred to as the crustal profile in stochastic simulation models (Boore, 2003) . The term sedimentary column is used to refer to those deposits that overlie the hard-rock section of the geological profile, where the term hard rock is defined as any material having an S-wave velocity exceeding 2000 m=sec (Atkinson and Boore, 2006) . The phrase, BC section of the sedimentary column, is used to refer to that part of the sedimentary column that corresponds to V S30 ≥ 760 m=sec. The combined BC and hard-rock sections of the geological profile are referred to as the BC site profile. Figure 2 gives a graphical description of these terms using a typical S-wave velocity profile for the city of Memphis, Tennessee.
Background
Seismologists have long recognized that the amplitude decay of seismic waves within the Earth's crust, defined herein as the effective attenuation of shear (S) waves (Lay and Wallace, 1995; Sato et al., 2002) , can be approximated by an equation of the form (e.g., Futterman, 1962; Knopoff, 1964) Ar; f A 0 exp πfr=Q ef V S ;
(1) where r is distance, f is frequency, Q ef is the effective seismic quality factor of S waves (inverse of seismic attenuation), and V S is the S-wave velocity of the medium. Seismic attenuation can be thought of as either the fractional loss of energy per cycle of oscillation (e.g., Lay and Wallace, 1995) or the exponential decrease in amplitude with time or Boore and Joyner (1997) and the hypothetical ENA BC site-profile of Frankel et al. (1996) . Site factors were calculated using the quarter-wavelength method (Joyner et al., 1981; Boore, 2003) . The different curves show the effect of the site attenuation parameter κ 0 in sec. showing the definitions of the site-profile terms used in this study. The velocities for the sedimentary column were taken from Gomberg et al. (2003) and Cramer et al. (2004) and are listed in Table 1 . The velocities for the hard-rock section of the geological profile were taken from Andrews et al. (1985) .
distance (Frankel and Wennerberg, 1987) . It is usually divided into two components: a frequency-independent component commonly referred to as intrinsic attenuation or anelasticity (Q 1 in ), resulting from friction or internal damping, and a frequency-dependent component commonly referred to as scattering attenuation (Q 1 sc ), resulting from heterogeneities (scatterers) along the travel path (Aki, 1980) . Dainty (1981) showed that the effective attenuation can be thought of as the sum of these two attenuation components, given by the equation
(2) Therefore, if Q sc is frequency-dependent and significantly contributes to the effective attenuation, then Q ef also will be frequency-dependent. Although this attenuation paradigm was developed from surface recordings and applied to attenuation in the lithosphere, Abercrombie (1998) and Kinoshita (2008) have shown that it also applies to borehole recordings. As I will show later, this paradigm leads to estimates of Q sc that are generally equal to or greater than Q in in the thick saturated unconsolidated and semiconsolidated sediments of the Mississippi Embayment and Atlantic Coastal Plain.
Recently, Morozov (2008 Morozov ( , 2009 ) has questioned the Q sc f Q ef f paradigm. He suggests that the distinction between a frequency-independent Q in and a frequencydependent Q sc f is confusing and misleading, especially in the context of equation (1). He proposes a geometrical attenuation model that is an alternative to the conventional frequency-dependent attenuation law Qf Q 0 f=f 0 η . The new model provides a straightforward differentiation between geometrical and effective attenuation, with the traditional scattering attenuation interpreted in terms of a generally frequency-independent component of geometrical attenuation and an effective attenuation, which he calls Q e (not to be confused with the effective attenuation Q ef defined in this study) that incorporates the frequency-independent component of intrinsic attenuation and small-scale scattering. Unlike the Q 0 ; η description, the inversion procedure uses only the spectral amplitude data and does not rely on elaborate theoretical models or restrictive assumptions. Data from over 40 reported studies were transformed to this new parameterization. The levels of geometrical attenuation were found to strongly correlate with crustal tectonic types and decrease with tectonic age. The corrected values of Q e were found to be frequency-independent and generally significantly higher than Q 0 and showed no significant correlation with tectonic age. Several case studies were revisited in detail, including one involving the deep borehole data of Kinoshita (2008) with significant changes in the interpretations. Because Morozov's (2008 Morozov's ( , 2009 conclusions have not yet been fully vetted by the seismological community, I continue to make the conventional distinction between these two attenuation mechanisms in this article. However, like Morozov (2008 Morozov ( , 2009 , I interpret the combined intrinsic and scattering attenuation data in terms of a single frequencyindependent quality factor Q ef .
It was not until the early 1980s with the refinement of the stochastic ground-motion simulation method (see Boore [1983] and references therein) that it was recognized that whole-path attenuation within the crust could not completely explain the decay of high-frequency acceleration spectra beyond the source corner frequency, where the acceleration spectrum should be flat according to the commonly accepted ω-square source displacement spectrum (Brune, 1970 (Brune, , 1971 . Hanks (1982) suggested that this observed cutoff frequency that he called f max was likely due to site attenuation. Papageorgiou and Aki (1983) suggested that it was primarily a source effect. Without judging which interpretation was correct, Boore (1983) included the effect of this cutoff frequency in his generalization of the stochastic ground-motion simulation method proposed by Hanks and McGuire (1981) by including a high-cut filter in his model of the Fourier acceleration spectrum given by the equation
Around the same time that Hanks (1982) and Papageorgiou and Aki (1983) were debating whether f max was a site attenuation parameter or a source parameter, Cormier (1982) proposed a model in which seismic attenuation could be defined by the rate of the high-frequency decay of the displacement spectrum for frequencies above the corner frequency as the multiplication of two terms: the decay due to the source spectrum f n and an exponential decay factor exp πt f. In this model, t represents the path-integrated effect of the inverse of the quality factor as defined by the integral (Kanamori, 1967) 
Cormier also noted that experimental measures of t typically lump scattering effects together with intrinsic anelasticity and combined frequency-dependent attenuation mechanisms together with frequency-independent attenuation mechanisms. Therefore, t provides a measure of Q ef rather than Q in or Q sc .
After studying the high-frequency decay of accelerograms recorded in California, Anderson and Hough (1984) suggested that the shape of the acceleration spectrum at high frequencies could be described by an equation similar to Cormier's (1982) that they define as
where the amplitude A 0 depends on factors such as source properties and propagation distance, κ is a spectral decay parameter, and f E is a frequency beyond which the falloff of the spectrum is approximately linear on a plot of the logarithm of Af versus f (Fig. 3 ). According to this equation, the slope of the spectral decay d ln Af=df is πκ. Anderson and Hough (1984) noted that if Q ef r and thus t is independent of frequency, the effect of attenuation on a Brune (1970 Brune ( , 1971 ) source displacement spectrum, for which the high-frequency decay is proportional to f 2 , will yield the spectral shape given by both Cormier (1982) and equation (5). These authors further found that κ was dependent on distance with a nonzero intercept that they interpreted to be the attenuation due to the propagation of S waves through the subsurface geological structure and a slope that they interpreted to be the incremental attenuation due to the horizontal propagation of S waves through the crust. They also showed that the spectral decay of the logarithm of the Fourier acceleration spectrum with frequency, assuming an ω-square source spectrum, is flat (i.e., κ 0) when Q ef ∞ and Q ef ∝ f and is negative (i.e., κ > 0) when Q ef Q 0 and Q ef ∝ f η η < 1. However, only when Q ef Q 0 (a constant) is the spectral decay described exactly by equation (5). Fitting equation (5) to a model with a fractional frequency dependence of Q ef will yield a smaller value of κ than a model in which Q ef is assumed to be constant, which emphasizes the importance of the standard assumption that Q ef is independent of frequency when interpreting κ as a site parameter. Otherwise, the true value of Q ef will be underestimated. and performed a thorough study of κ using the recordings of small earthquakes from the Anza seismic array in southern California. Based on this analysis, proposed a general model for κ given by the equation
where Q i is the frequency-independent component of Q ef at depth z within the profile. They used this model to infer the attenuation structure at Anza from a regional crustal velocity model. They noted that their proposed model for κr was the same as that given by Cormier (1982) for t in equation (4), except that it used only the frequency-independent component of Q ef . concluded that the similarity of the distance-dependence of κr in the Anza and Imperial Valley regions of southern California, areas in which the intercepts at r 0 were very different presumably due to the vastly different subsurface geology, supported the earlier assumption by Anderson and Hough (1984) that the intercept of κr represents the attenuation of seismic waves within the geological structure beneath the site and that the distance-dependence of κr represents the attenuation due to the horizontal propagation of seismic waves within the crust. referred to this site component of κr as κ 0 . Anderson (1991) generalized the linear κr model of and by proposing a mathematical formulation of the observed behavior of κ that regarded this parameter to be an arbitrary function of distance that he defined by the equation
where κ 0 is the intercept at r 0.
Since being introduced, κ 0 has become the preferred parameter for incorporating site attenuation in the calculation of amplification factors using the quarter-wavelength method of Joyner et al. (1981) . A summary of κ 0 estimates for a variety of geological conditions throughout the United States has been compiled by Anderson (1986 Anderson ( , 1991 and Silva and Darragh (1995) . Even Halldorsson and Papageorgiou (2005) have adopted it as their high-frequency filter parameter in the revision of the specific barrier model of the earthquake source (Papageorgiou and Aki, 1983) because of its better fit to strong-motion data. However, these latter authors continue to suggest that it could be a source parameter rather than a site parameter.
In the quarter-wavelength method, the site amplification of the Fourier amplitude spectrum of acceleration is calculated from the equation (Boore, 2003) Ampf 2). The accelerograph was a digital recorder that samples at a rate of 200=sec. (A) loglog axes; (B) linear-log axes (after Anderson and Hough, 1984) .
where ρ S and β S are the density and S-wave velocity at the base of the geological profile, and ρ and β are the time-averaged density and S-wave velocity over a depth equivalent to the quarter-wavelength of a seismic wave of frequency f propagating vertically through the profile. All of the ENA groundmotion estimates used in the 2008 update of the national seismic hazard maps (Petersen et al., 2008) have either been directly or indirectly adjusted to BC site conditions using this equation. Therefore, the discussion of Q ef and κ 0 presented in the remainder of this article is restricted to their use in the quarter-wavelength method. As I will show later, conclusions regarding these attenuation parameters could be quite different in the context of other more complex site amplification methods.
The site amplification factors used by the USGS to estimate BC ground motions from those on hard rock were developed from the quarter-wavelength method using a hypothetical BC site profile with κ 0 10 msec . These authors reportedly based this value on a study of borehole recordings by Fletcher (1995) . However, Fletcher does not provide specific information regarding the lithology or S-wave velocities of these sediments. As a result, the value of κ 0 (more accurately t ) determined by Fletcher for this site could not be confirmed as representative of a BC site profile (see the USGS Hypothetical BC SiteProfile section). Atkinson and Boore (2006) used the same velocity and density profile proposed by Frankel et al. (1996) , except with a κ 0 of 20 msec, to develop their new finite-source stochastic ground-motion prediction equation for ENA; however, they did not explain why they used that particular value in lieu of the original value proposed by Frankel et al. (1996) . Following Boore (2006), Campbell (2007) also adopted this larger value for κ 0 in a preliminary update of his hybrid-empirical groundmotion prediction equation for ENA. A. Frankel (personal comm., 2007) suggested that, in his opinion, the limited data on κ 0 for BC sites in ENA could not rule out either value as being correct. In the discussion that follows, I will show that κ 0 is strongly dependent on the thickness of the sediments beneath the site and will provide evidence to suggest that the 20 msec value is more appropriate for estimating low-strain short-period ground motions in ENA using the hypothetical USGS BC site profile. I also postulate that the value of κ 0 for the geological structure that underlies a site can be separated into two principal components: one due to the sedimentary column and one due to the hard-rock section of the geological profile that underlies these sediments.
Site Attenuation of Hard-Rock Sites
Hard-Rock Sites in ENA Silva and Darragh (1995) used a spectral-fitting technique together with the point-source stochastic simulation method to derive empirical estimates of κ 0 for 16 strongmotion recordings on sites described as granitic plutons, carbonates, and Precambrian rock of the Canadian Shield. They found a median κ 0 of 7 msec for these sites with individual estimates that ranged between 4 and 16 msec. An earlier version of this study was used by Electrical Power Research Institute (EPRI, 1993) and Toro et al. (1997) to select a median κ 0 of 6 msec to use in the development of an ENA hard-rock ground-motion prediction equation using the point-source stochastic simulation method. Atkinson (1996) proposed an upperbound value of 4 msec for the Canadian Shield based on the spectral decay of Fourier acceleration spectra over frequencies of 4-30 Hz from small earthquakes recorded on the Eastern Canadian Telemetered Network (ECTN). Based in part on the study by Atkinson (1996) , Beresnev and Atkinson (1999) used a median κ 0 of 2 msec in their estimation of hard-rock ground motions using a finite-source stochastic simulation model. However, these authors also used a site amplification factor of unity and a subevent stress drop of 50 bars, consistently smaller than contemporary estimates of these parameters in ENA (e.g., Atkinson and Boore, 2006) , which likely compensated for the use of a relatively small κ 0 value.
Close inspection of Atkinson's (1996) figure 7 suggests that κ 0 could be as high as 7 msec over the 12-22 Hz frequency range for which the observed spectral decay appears to be less impacted by possible high-frequency noise and low-frequency source and site effects. It is also possible that the ECTN sites in the Canadian Shield, which are sited directly on hard, glacially scoured Precambrian rock (Beresnev and Atkinson, 1997) , are underlain by higher quality rock than the average hard-rock site used by Silva and Darragh (1995) . Anderson and Hough (1984) , Anderson (1986 Anderson ( , 1991 , and Anderson et al. (1996) show that rock quality can have a significant impact on the value of κ 0 . Barton (2007) gives similar evidence for the quality factor. A specific example for ENA is given by Atkinson (1996) who found relatively large κ 0 values of 20-40 msec for ECTN sites in the Charlevoix and Sudbury areas of southeastern Canada that are reported to be located on fractured Precambrian rock within an ancient meteor impact crater. Similarly, Silva and Darragh (1995) found a κ 0 of 25 msec from strong-motion recordings of the 1988 Nahanni earthquake sequence on sheared rock. These later results are also consistent with the results of laboratory experiments on hard rock that have shown that the more fractured a rock is, the lower the quality factor (e.g., Johnston et al., 1979; Johnston and Toksoz, 1980b; Barton, 2007) . Chapman et al. (2003) analyzed the spectral decay of 25 recordings located approximately 10 km from a swarm of very shallow (0.1-2.4 km deep) microearthquakes at Monticello Reservoir, South Carolina, in an attempt to estimate κ. The earthquakes and the recording site were located within a complex metamorphic terrane intruded by plutons of granite and granodiorite composition. They used a spectral-fitting technique similar to that of Silva and Darragh (1995) to determine a median κ that ranged from 4 to 18 msec for upper frequency limits from 15 to 40 Hz (the high-frequency limit of the data). They attributed the higher values of κ to a bias caused by the relatively low (15-25 Hz) spectral corner frequencies of the recordings and concluded that the true value of κ was too small to be resolvable from the data (i.e., κ ≤ 10 msec). Silva and Darragh (1995) interpreted several microearthquake recordings at Monticello Reservoir at epicentral distances of 1-8 km and found a κ 0 of 13-16 msec. Atkinson and Boore (2006) made a careful examination of the Fourier acceleration spectra compiled by Atkinson (2004) and found that these data were consistent with individual estimates of κ 0 that ranged from 0 (no attenuation) to 10 msec with a median value of 5 msec. The database consisted of 1700 digital seismograms from 186 earthquakes (m N 2.5-5.6) that occurred in southeastern Canada and northeastern United States from 1990 to 2003. These data were recorded on short-period ECTN seismographs and on broadband seismographs of the Canadian National Seismographic Network and the U.S. National Seismic Network on hard-rock sites that were reported to have near-surface S-wave velocities in excess of 2000 m=sec. (e.g., Beresnev and Atkinson, 1997) .
Hard-Rock Sites at Anza
In order to show that the small values of κ 0 reported for ENA hard rock in the preceding section are not unrealistic, it is useful to compare them with estimates from a region near Anza that some seismologists consider might be a WNA analogy to the hard-rock environment of ENA (e.g., Silva et al., 1999b) . The Anza seismic array is located within the southern California batholith, a region of massive granitic rock within the peninsular ranges of southern California. Two of these sites, the Piñon Flat Observatory (PFO) and Keenwild (KNW), are located on granitic plutons away from any active traces of the San Jacinto fault zone. Deep boreholes drilled near PFO and KNW have respective S-wave velocities in excess of 1600 and 1900 m=sec (nearly equal to hard rock) at depths below 15 and 20 m and S-wave velocities of 2600 and 3000 m=sec at depths below 50 m (Fletcher et al., 1990) . The more highly weathered rock above depths of 15 and 20 m for PFO-BH (borehole sites from the nearby array sites) and KNW-BH has a much lower velocity of approximately 800 m=sec. The array instrument at PFO is located on a pier in a buried vault, and the KNW array instrument is located on a concrete pad on an outcrop of competent rock. Therefore, the array stations can be considered to be less impacted by the weathered zone and can be used to estimate the response of hard rock for purposes of this study.
Using the spectral decay method, Anderson (1991) calculated a κ 0 of 2 msec for KNW and 4 msec for PFO based on the distance-dependence of κr that he interpreted in terms of equation (7). Silva and Darragh (1995) calculated a κ 0 of 6 msec for these two sites directly from the recorded spectra using a spectral-fitting technique. Based on data given in Anderson (1991) , I calculated an average κ 0 of 7 msec for the six sites of the Anza array where hard rock was encountered at relatively shallow depths. These values are similar to κ 0 values found for hard-rock sites in ENA. Fletcher et al. (1990) used vertical seismic profiling (VSP) to estimate a t of 4 msec ( Q ef 8) for KNW-BH and 3 msec ( Q ef 11) for PFO-BH over the top 50 m, although they note that their results could be contaminated by near-surface attenuation and interference effects. Aster and Shearer (1991) inverted uphole-downhole spectral ratios in the 2-100 Hz frequency band using generalized reflection-transmission modeling to estimate Q ef 9 over depths of 0-150 m and 27 over depths of 150-300 m from 20 small earthquakes recorded at KNW-BH. Their comparison of spectral ratios between the surface instrument at KNW and the 300 m deep instrument at KNW-BH yielded t 11 m sec in the top 300 m at KNW. This value is more than double what others have estimated at KNW using the spectral decay method. Aster and Shearer (1991) noted that the P-wave quality factor was less than or equal to the S-wave quality factor in the upper 300 m at KNW-BH, which they interpreted to be an indication that near-surface scattering attenuation is at least as significant as intrinsic attenuation (e.g., Anderson et al., 1965; Kang and McMechan, 1994) . Vernon et al. (1998) came to the same conclusion from analysis of data recorded by a dense seismic array deployed in the vicinity of PFO-BH that they attributed to strong scattering of incident bodywave signals into a complex mishmash of body-wave and surface-wave modes within the near-surface zone of weathered rock. Dainty (1981) assumed that Q in was independent of frequency and that Q sc was proportional to frequency for frequencies above 1 Hz, and others have followed his example (e.g., Pulli, 1984; Fehler et al., 1988; Kang and McMechan, 1994) . These assumptions are typically made in efforts to interpret coda-Q measurements for which the variation of coda-Q with frequency is thought to reflect scattering effects (e.g., Aki and Chouet, 1975; Morozov, 2008) . If Q sc is indeed proportional to frequency, it will not contribute to the value of κ 0 calculated from the spectral decay method (Anderson and Hough, 1984) , and the resulting κ 0 will represent only intrinsic attenuation. This could explain the discrepancy between the larger value of t found by Aster and Shearer (1991) at KNW compared to the κ 0 values found by Anderson (1991) and Silva and Darragh (1995) , both of which used the spectral decay method proposed by Anderson and Hough (1984) . If this is the case, these latter estimates might be a measure of intrinsic rather than effective attenuation. The same is true for other estimates of site attenuation using the spectral decay method. However, if Morozov (2008 Morozov ( , 2009 ) is correct, then the value of κ 0 derived from the spectral decay method will give a true estimate of effective attenuation.
Hard-Rock κ 0 in ENA Based on the results presented in the preceding sections, I selected 5 msec as the value of κ 0 to use for the hard-rock component of site attenuation. This value is consistent with the median value found by Atkinson and Boore (2006) for southeastern Canada and the northeastern United States and falls in the middle of the range of hard-rock values presented in the previous sections. In order to justify adding this hardrock κ 0 to that of the overlying sediments, I assume that it corresponds to a geological or BC site profile that is much thicker than the overlying sediments. estimated this thickness to be at least 5 km, based on the results of their inferred Q i structure at Anza. However, there are two issues that remain before this 5 msec value can be used as an estimate of hard-rock κ 0 at depth: (1) the potential contamination of near-surface scattering effects and (2) the potential impact of the overburden.
Laboratory and field measurements suggest that the attenuation in near-surface rocks where hydrostatic pressures are relatively low is not simply dependent on rock type but is dominated by an increase in fracture content and other heterogeneities that can lead to wave scattering (Abercrombie, 1997 (Abercrombie, , 1998 . However, the sites used by Atkinson and Boore (2006) to estimate κ 0 are underlain by hard, glacially scoured rock of the Canadian Shield with near-surface S-wave velocities generally exceeding 2000 m=sec. These sites are not likely to be contaminated by significant fracturing and scattering effects that might otherwise be attributable to nearsurface weathered or highly-fractured rock. Furthermore, if Q sc is proportional to frequency, as some seismologists have proposed, estimates of κ 0 at hard-rock sites in ENA, all of which have been calculated using the spectral decay method, will not include scattering effects (Anderson and Hough, 1984) . This might have been the cause of the conflicting results at Anza where use of the spectral decay method yielded κ 0 values that ranged between 3 and 6 msec for the entire geological profiles underlying PFO and KNW; whereas, the spectral-ratio method, which includes intrinsic and scattering attenuation, yielded a value of 11 msec for the upper 300 m at KNW alone. Some seismologists have developed theories or alternative means of data analysis that predict both intrinsic and scattering attenuation are independent of frequency, at least up to frequencies of engineering interest (Frankel and Clayton, 1986; Wennerberg and Frankel, 1989; Morozov, 2008 Morozov, , 2009 ). Frankel and Wennerberg (1987) proposed an energy-flux model that predicts the quality factor determined from the decay rate of the coda is more sensitive to intrinsic attenuation than to scattering attenuation, which contradicts the basic assumption of most scattering models. If this is true, the only consequences to the present study are that the hard-rock estimates of κ 0 based on the spectral decay method might incorporate near-surface scattering effects as well as intrinsic anelasticity, which could cause an overestimate of the effective attenuation at depth. However, earthquake and laboratory studies indicate that this is not likely to be the case.
Earthquake and laboratory studies have shown that the relatively shallow depths of overburden typically found in ENA do not have a large influence on attenuation. Laboratory experiments conducted by Johnston et al. (1979) and Johnston and Toksoz (1980a) found that the quality factor and the seismic velocity of hard sandstone and limestone with V S > 2000 m=sec increased with confining pressure up to about 500-1000 bars, after which they became relatively independent of pressure. Assuming depths of overburden less than 1000 m in ENA, the hydrostatic pressure at the bottom of the sedimentary column is no greater than about 150 bars. This represents confining pressures where Johnston and Toksoz (1980a) found the smallest quality factors. The increase of the quality factor with hydrostatic pressure has also been found to be larger for dry rocks than for saturated rocks (e.g., Gardner et al., 1964; Johnston and Toksoz, 1980a) , which has implications for the attenuation in saturated sediments such as those found in the Mississippi Embayment and the Atlantic Coastal Plain. The increase in the quality factor with confining pressure has been interpreted as resulting from the closure of fractures. Johnston et al. (1979) and Toksoz (1980a, 1980b) also found that at relatively low confining pressures, friction at fractures is the most probable dominant mechanism of intrinsic attenuation in laboratory specimens. Fractures are also major scatterers of seismic energy at wavelengths smaller than the dimensions of the fractures, which suggests that high-frequency scattering will also decrease with increasing hydrostatic pressure as the fractures are closed (e.g., Johnston and Toksoz, 1980b) . This has been shown to be the case for earthquake recordings. For example, Mori and Frankel (1991) observed a significant decrease in scattering attenuation below about 5 km (hydrostatic pressure of ∼1000 bars) in southern California, the same depth where found the quality factor to reach its maximum value at Anza. Moos and Zoback (1983) also found that the seismic velocity (rock quality) of crystalline rocks in deep boreholes at the Monticello Reservoir and the California Mojave Desert decreased with increasing fracture density.
Proposed Method of Estimating Site Attenuation
There are very few direct measurements of κ 0 at sedimentary sites in ENA. Liu et al. (1994) analyzed high-quality, three-component digital seismograms recorded at 27 Mississippi Embayment stations of the Portable Array for Numerical Data Acquisition (PANDA) seismic array located at epicentral distances of 0-100 km from 94 earthquakes with magnitudes of m Lg 1.3-3.6. They determined κ at each station from the spectral decay of the Fourier amplitude spectra for the 5-25 Hz frequency band by fitting the linear equation (Anderson and Hough, 1984) κ ij r κ 0i κ 1 r ij ;
( 9) where κ ij r and r ij are the observed spectral decay parameter and epicentral distance at station i from event j, κ 0 is the intercept corresponding to the site attenuation parameter for station i, and κ 1 is the slope of the regression equation corresponding to the dependence of attenuation on distance. They found κ 0 values for the sedimentary column that ranged from 21.3 to 48.3 msec for sites with sediment thicknesses of 463 to 715 m. Silva and Darragh (1995) analyzed three ENA strongmotion recordings using the spectral-fitting technique at sites described as sandstone and claystone and found a median κ 0 of 17 msec with individual estimates that ranged between 15 and 18 msec. They described these sites as "ENA soft rock" but considered them to represent NEHRP BC site conditions according to the site classes defined in the NEHRP Provisions (BSSC, 2004) . Based on these estimates and a relationship between κ 0 and V S30 developed from WNA data, Silva et al. (1999b) concluded that κ 0 20 msec was a realistic value to use for relatively deep BC sites typical of sandstones of the Gulf Coast region and mudstones, claystones, and siltstones of South Carolina and the Colorado Denver Basin. They suggested that the 10 msec value recommended by Frankel et al. (1996) for characterizing BC sites in the national seismic hazard maps is probably too low unless these sites are underlain by very hard-rock (V S > 2500 m=sec) at very shallow depths (≤ 91 m).
Chapman et al. (2003) found a κ 0 of 49 msec for a 775 m thick sedimentary column centered near Summerville, South Carolina, using weak-motion recordings at four stations located in the Middleton Place-Summerville seismic zone from 26 earthquakes with magnitudes ranging from 0.9 to 2.4. The area is located in the Atlantic Coastal Plain approximately 25 km northwest of Charleston. The sediments had an average S-wave velocity of 700 m=sec. Two of the seismometers were located in boreholes at depths of 62 and 83 m. These authors used the average time intervals between the direct S and the surface-reflected S at these two stations to estimate average S-wave velocities of 564 and 535 m=sec for the overlying sediments. Estimates of κ 0 were estimated from the direct S and Sp converted phases using the spectralfitting technique for frequencies ranging from 1 to 30 Hz and from 10 to 25 Hz with virtually identical results. The travel time of S waves through the sediments was estimated to be 1.10 sec, yielding Q ef 22:4 from equation (12). The estimated quality factor for P-waves was less than this value, inferring that scattering attenuation was at least as great as intrinsic attenuation.
All of the remaining estimates of κ 0 for sedimentary and BC sites presented in this article were calculated from the following relationship modified from and Chapman et al. (2003) :
where Q ef z and V S z are the effective quality factor and S-wave velocity at a depth z within the profile. This relationship is consistent with equation (6), except that it isolates the contribution due to the sediments. By stripping off those sediments in the upper part of the sedimentary column that have V S30 < 760 m=sec, this relationship also can be used to estimate the value of κ 0 for the BC section of the sedimentary column. Equation (10) implicitly assumes that the value of Q ef z within the sedimentary column is independent of frequency, which is also a basic assumption of all site-response methodologies (e.g., Kramer, 1996) . There is evidence to support the assumption of frequency-independent attenuation in sediments. Anderson and Hough (1984) , , and Morozov (2008) give seismological evidence to suggest that Q ef z at high frequencies is approximately independent of frequency in the shallow crust. Wennerberg and Frankel (1989) showed theoretically that a frequencydependent mechanism of attenuation within a sedimentary sequence that extends from the surface to a depth of several kilometers can result in a quality factor that is approximately constant with frequency between 0.2 and 200 Hz. Wang et al. (1994) showed that estimates of the quality factor from critically refracted pulses generated using a plank and hammer were independent of frequency for frequencies of 10-70 Hz. Gibbs et al. (1994) found a similar result from spectral ratios of synthetic VSP and weak-motion data. Abercrombie (1997) found that borehole recordings at depths of 0-2900 m were consistent with a quality factor that was independent of frequency over the 3-100 Hz useable bandwidth of the data.
Although it is commonly accepted that attenuation in sediments is generally independent of frequency, Abercrombie (1997) and Kinoshita (2008) have interpreted deep borehole recordings in California and Japan as having a frequencydependent Q ef z. However, Morozov (2008) has shown that the Japan data can be reinterpreted as having a frequencyindependent Q ef z. Regardless of whether attenuation in sediments is frequency-dependent or frequency-independent, as discussed previously, any frequency-dependent attenuation effects that might be present are neglected in the application of equation (10). It is useful to quantify the path-averaged value of Q ef z that corresponds to a specified value of κ 0 in order to compare it with values obtained from other studies. For a sedimentary profile of a given thickness, equation (10) can be expressed as (Boore, 2003) 
where H is the thickness, Q ef is the average effective quality factor, V S H=t r is the time-averaged S-wave velocity of the sediments, and t r is the vertical travel time of the S waves of the sediments. Substituting the expression for V S into equation (11) and solving for Q ef , results in the following equation for the average quality factor:
The proposed method of estimating κ 0 from equation (10) is demonstrated using a representative sedimentary column for the Memphis area developed from data provided in Gomberg et al. (2003) and Cramer et al. (2004) . These investigators used in situ S-wave velocity measurements to estimate the average velocity for the major geologic units that underlie Memphis and the surrounding region of Shelby County. They used these estimates to construct a grid of sedimentary columns that they used, together with 1D equivalent-linear site-response analyses, to incorporate site effects in the development of a regional probabilistic seismic hazard map. Table 1 gives a typical 960 m sedimentary column for downtown Memphis (uplands area) that I derived from data used in these studies. The thickness of each of the geologic units was taken as the average of the range of thicknesses given in Gomberg et al. (2003) . The estimates of S-wave velocity were taken from Cramer et al. (2004) and are generally similar to the average values given in Gomberg et al. (2003) . The resulting value of κ 0 calculated from equation (10) using estimates of Q ef reported by Cramer et al. (2004) is 48.2 msec ( Q ef 29:1) for the 960 m sedimentary column. The value for the geological profile is estimated to be 53.2 msec after adding the inferred value of 5 msec for the hard-rock section of the geological profile. The corresponding values of κ 0 for the 564 m BC section of the sedimentary column, and the corresponding BC site profiles are 11.9 msec ( Q ef 49:5) and 16.9 msec, respectively. The results are summarized in Table 1 . 
Loess ( Although the S-wave velocities assigned to each of the geologic units in the Memphis site profile are relatively well constrained by actual measurements, the values of Q ef are not. The only justification that Cramer et al. (2004) give for their specific selection of quality factors is that site amplification is not very sensitive to Q ef ≥ 10 and that the values of Q ef in the region have been determined to be no less than 20 to 40 by Pujol et al. (2002) . In order to test the sensitivity of the calculated value of κ 0 to the assumed Q ef profile, I repeated the calculation using the Q ef values that Boore and Joyner (1991) assigned to a deep-soil profile in ENA based on ground-motion recordings in the Mississippi Embayment. The resulting κ 0 values are 96.2 msec ( Q ef 14:6) for the sedimentary column and 101.2 msec for the geological profile (Table 1) . These latter estimates are nearly a factor of 2 higher than those based on the Q ef profile of Cramer et al. (2004) . However, most of this difference comes from the differences in Q ef assigned to the softer soil deposits. The κ 0 values calculated for the BC section of the sedimentary column and the corresponding BC site profile using the Q ef values given by Boore and Joyner (1991) 
This value of κ 0 falls between the estimates derived from the two Q ef profiles described in the previous paragraph. In fact, the value of κ 0 reported by Wen and Wu (2001) is closely matched by simply using Q ef values that are intermediate between those of Boore and Joyner (1991) and Cramer et al. (2004) for sediments of similar S-wave velocity. Using this intermediate Q ef profile, I obtained a κ 0 of 57.7 msec ( Q ef 24:3) for the sedimentary column and 62.7 msec for the geological profile (Table 1 ). The κ 0 values for the 564 m BC section of the sedimentary column and the corresponding BC site profile are 13.2 msec ( Q ef 44:8) and 18.2 msec, respectively. Additional support for using the intermediate Q ef profile comes from earthquake studies that have found a path-averaged Q ef for the entire Mississippi Embayment sedimentary column that ranges between 20 and 36 (Wuenscher et al., 1991; Chen et al., 1994; Liu et al., 1994; Langston, 2003b) . Similar values have also been found for other sedimentary basins located both inside and outside of the United States (Hauksson et al., 1987; Clouser and Langston, 1991; Chapman et al., 2003; Langston, 2003a,b; Kinoshita, 2008) .
The similarity in the three estimates of κ 0 for the Memphis BC site profile is due largely to the agreement in the value of the quality factor (Q ef 50) for the deeper sediments. Other earthquake and laboratory studies have found that low-strain values of Q ef and Q in range anywhere from 20 to as large as 100 for semiconsolidated sediments similar to those in the deeper parts of the Mississippi Embayment (Johnston et al., 1979; Johnston and Toksoz, 1980a,b; Chang et al., 1992; Liu et al., 1994; Lay and Wallace, 1995; Chapman et al., 2003; Langston et al., 2005; Assimaki et al., 2008) . In order to test the sensitivity of κ 0 to this value, I repeated the calculation for the Memphis profile substituting Q ef values of 25 and 100 in place of 50 for the deeper sediments. These calculations indicate that κ 0 for the BC site profile varies by about 25% to 55% for this factor of 2 difference in Q ef . There is also uncertainty associated with layer thicknesses and S-wave velocities. However, these parameters are taken from profiles provided by individual investigators, and their uncertainty is assumed to be adequately captured by these investigations.
Estimates of Q ef for Sedimentary Deposits Models Used to Estimate Q ef Because of the relatively large sensitivity of κ 0 to the Q ef profile, I chose to include uncertainty in Q ef by proposing four models that are intended to capture its variability at both low S-wave velocities (shallow depths) and high S-wave velocities (large depths). Model 1 is based on Q ef values that are intermediate to the profiles proposed by Boore and Joyner (1991) and Cramer et al. (2004) . As shown in the previous section, the values from these investigators appear to serve as reasonable end members of an intermediate Q ef profile that results in a κ 0 for the Memphis sedimentary column that agrees with a relationship developed from actual measurements (R. Herrmann and A. Akinci, see Data Resources section). An eyeball fit of these Q ef values on S-wave velocity resulted in the equation Q ef 7:17 0:0276 V S ; (14) where V S is S-wave velocity in m=sec. Model 2 uses this same equation except that it constrains Q ef to 50 when V S > 800 m=sec in order to be consistent with the same constraints imposed by Boore and Joyner (1991) and Cramer et al. (2004) .
Model 3 is based on the empirical Q ef and V S versus depth relationships developed by R. Herrmann and A. Akinci (see Data and Resources section). Their model for V S is given by the equation
where z is depth in meters. In order to make this relationship more generally applicable to other site profiles, I combined it with the Q ef relationship in equation (13) 
A minimum value of 10 was used with this equation to be consistent with the minimum values proposed by Boore and Joyner (1991) and Cramer et al. (2004) and with the earthquake weak motion, shallow seismic survey, and laboratory data described in the next section. Model 4 uses this same equation except that it constrains Q ef to 50 when V S > 800 m=sec to be consistent with Model 2. The four Q ef models are compared in Figure 4 . This figure shows that Models 1 and 2 predict larger values of Q ef than Models 3 and 4 for V S < 800 m=sec. Model 3 predicts larger values of Q ef than Model 1 for V S > 800 m=sec. Models 2 and 4, which constrain the quality factor to Q ef 50 when V S > 800 m=sec, predict larger values of Q ef than Models 1 and 3 for velocities between 800 and 1200-1600 m=sec and smaller values of Q ef for larger velocities. In no case is the predicted value of Q ef allowed to be less than 30 when V S > 800 m=sec, even though some earthquake and laboratory studies have indicated that such small values are possible. Values are allowed to exceed 50 for V S > 1200 m=sec and can reach values as large as 60-100 at velocities approaching those of hard rock.
Although the four Q ef models proposed in this study are loosely based on earthquake weak-motion data, they are primarily the product of the expert opinions of a few seismologists (Boore and Joyner, 1991; Cramer et al., 2004;  R. Herrmann and A. Akinci, see Data and Resources section). These seismologists give no tangible data that can be used to verify their proposed Q ef profiles, so these profiles cannot be validated. There is, however, a body of weak motion, seismic survey, and laboratory data in the Mississippi Embayment, Atlantic Coastal Plain, and other sedimentary basins in California, Japan, and Uzbekistan that can be used to check whether these models are reasonable.
Weak-Motion Data
There have been several attenuation studies using weakmotion recordings in the Mississippi Embayment and the Atlantic Coastal Plain that can be used to estimate a pathaveraged Q ef for the sedimentary column (for details see Dependence of Attenuation on Sediment Thickness section). Two of these estimates were obtained from κ 0 values derived using the spectral-decay method (Liu et al., 1994) and the spectral-fitting method (Chapman et al., 2003) . I provide an alternate estimate of Q ef to that of Liu et al. (1994) after correcting their data for a bias inferred from the data of Chen et al. (1994) . Two other Q ef values were estimated from the ratio of the S to the converted S to P (Sp) phases (Wuenscher et al., 1991; Chen et al., 1994) . Clouser and Langston (1991) used this latter method to derive an estimate of Q ef for the Gazli region of Uzbekistan. Figure 4 shows that these estimates, plotted as solid gray circles, are generally consistent with the predictions from Models 1-4. In order to show that such profile averages are a valid means of validating the Q ef models, I have also plotted the values of Q ef that I estimated from the sedimentary columns compiled in this study based on Q ef profiles predicted from Models 1-4. These estimates also show reasonable agreement with the Q ef models.
Weak-motion recordings of small earthquakes from borehole seismometer arrays can provide a direct observation of attenuation in the surrounding geologic materials if analyzed properly. However, I am not aware of any deep borehole attenuation measurements in ENA. In the absence of such measurements, I suggest that borehole recordings in California can be used as a proxy in order to gain some insight into the attenuation characteristics of similar geologic materials in ENA. There are four such studies in California. Hauksson et al. (1987) Comparison of the models used in this study to estimate the seismic effective quality factor Q ef from the S-wave velocity V S for sedimentary deposits (black solid and dashed lines) with values derived from earthquake weak motion, seismic survey, and laboratory data (see text): (gray solid lines) correlations derived by Assimaki et al. (2008) from weak-motion recordings in Japan for depth ranges of 0-30 m (V S < 500 m= sec) and 30-100 m (V S ≥ 500 m= sec); (black solid circles) profile averages for ENA sedimentary profiles used to develop equations (20) and (22); (gray solid circles) profile averages for sedimentary profiles in ENA and Uzbekistan derived from weak-motion recordings; (gray solid squares) averages over depth intervals derived from weak-motion recordings from boreholes in California; (gray open squares) averages derived from seismic survey measurements in the Mississippi Embayment for (a) near-surface unconsolidated soils (V S < 500 m= sec) and (b) the entire sedimentary column ( V S 600 m= sec); (gray open circles) averages derived from seismic survey measurements in California for near-surface unconsolidated soils; (gray dashed line) relationship developed for the Mississippi Embayment from shallow refraction studies; (gray open diamonds) averages from laboratory measurements on specimens of (a) unconsolidated sediments from the Mississippi Embayment tested at confining pressures consistent with depths ranging from 2 to 30 m and (b) hard sandstone from the western United States. One standard deviation error bars are indicated when available. The error in S-wave velocity is typically smaller than the size of the symbol and is not shown. KM94, Kang and McMechan (1994) ; L05, Langston et al. (2005) .
uphole-downhole ratios of Fourier amplitude spectra (3-30 Hz) from recordings of a small earthquake that occurred directly beneath a deep borehole site located in the Baldwin Hills of the Los Angeles Basin. Interpreting the differences in the high-frequency slopes as due to attenuation, they estimated Q ef values of 108 and 25 over depths of 0-420 m and 420-1500 m, respectively. They noted that the shallow estimates may have been overestimated due to the narrow frequency band of the data and the impact of near-surface amplification and interference. The deeper deposits were composed of upper Tertiary oil-bearing sandstones with an estimated average S-wave velocity of 1400 m=sec. Jongmans and Malin (1995) performed a similar study of Fourier spectra (2-40 Hz) using six small earthquakes located near a borehole site at Parkfield. They found Q ef values of 8, 10, 65, and 37 over depths of 0-298 m, 298-572 m, 572-938 m, and 0-938 m, respectively. The two shallowest values were considered to be unreliable because of the location of the 298 m instrument in a lowvelocity zone. The borehole sediments are composed of a mixture of Tertiary claystone, siltstone, sandstone, and conglomerate with average estimated S-wave velocities of 1450 m=sec for the entire borehole and 1750 m=sec for the lower section of the borehole, according to the average S-wave travel times given in Daley and McEvilly (1990) . Abercrombie (1997) Figure 4 (gray solid squares), where they are compared to the four Q ef models proposed in this study. All of the values fall at or below the values predicted by the four models. Although not plotted, the same observation would be true for the hard-rock values. In fact, after reviewing the quality factors found by several deep borehole studies of weak-motion recordings in the frequency range of 1 to 10 Hz in California, Abercrombie (1998) concluded that these values are generally independent of rock type and have typical values corresponding to Q ef ≈ 10 in the upper 100 m and Q ef ≤ 30 in the upper 500 m. Assimaki et al. (2008) developed Q ef versus V S correlations from an inversion of uphole and downhole weakmotion geotechnical array recordings at 38 stations of the Japanese KiK-Net strong-motion network (Aoi et al., 2000) from aftershocks of the 2003 M 7.0 Miyagi-oki earthquake. They used a seismic waveform optimization algorithm to derive high-resolution, low-strain estimates of Q ef and V S at the 38 KiK-Net sites from 14 aftershocks (M 4.0-4.8) located at hypocentral depths of approximately 70 km. They developed separate correlations for layers lying between sediment depths of 0-30 m and 30-100 m. The correlations for both depth ranges clearly show a near-linear relationship between Q ef and V S similar to that found in this study. Because they did not fit curves through these correlations, I estimated these curves by eye and have plotted them in Figure 4 (gray solid lines). Although there are layers below 30 m that have V S > 500 m=sec, I limited the relationship to this velocity because Q ef becomes relatively constant at 10 5 for the higher-velocity layers, possibly reflecting a natural limit to Q ef at such shallow depths. There were no layer velocities less than 500 m=sec for the 30-100 m depth range; however, I limited the upper range of the relationship to V S < 1100 m=sec to be consistent with the deepest estimated velocities for the Mississippi Embayment and because, like for the shallower depths, Q ef decreases to become relatively constant at about 35 25 above this velocity, again possibly reflecting a natural limit for Q ef in this depth range. Figure 4 shows that the two curves are generally similar to Model 3 of this study, which I derived from the Q ef and V S versus depth relationships developed for the Mississippi Embayment by R. Herrmann and A. Akinci (see Data and Resources section). The relatively small mean effective quality factors ( Q ef < 10) that were found for the soft shallow deposits are not unprecedented. Similarly small values have been found by Kudo and Shima (1970) , Gibbs and Roth (1989) , and Jongmans and Malin (1995) . Wald and Mori (2000) found that Q ef values similar to those found by Assimaki et al. (2008) for Japan and Abercrombie (1998) in California could explain weakmotion site amplification data in the Los Angeles Basin. The amplification data were estimated by Hartzell et al. (1996 Hartzell et al. ( , 1998 based on aftershocks of the 1994 M 6.7 Northridge earthquake. These empirical site amplifications were compared with those calculated using the propagator-matrix method of Haskell (1960) and the quarter-wavelength method of Joyner et al. (1981) and Boore (2003) . Comparisons were made for Fourier amplitude spectra in the 1-7 Hz frequency band at 33 borehole sites where in situ S-wave velocity measurements were available. The shallow borehole data were merged with a 3D velocity model developed by Magistrale et al. (1996) to extend the profiles to a depth of 5 km. Wald and Mori found that the site amplifications from the weak-motion data were reasonably consistent with the site amplifications calculated from the two site-response methods when Q ef values of 10 and 30 were assigned to the depth ranges 1-100 and 100-1000 m, respectively. Although S-wave profiles were not presented, based on tabulated values of V S30 and a deep S-wave velocity profile presented in their paper, V S appears to range between a few hundred meters per second near the surface to around 2000 m=sec at a depth of 1000 m. Without specific S-wave velocities, these values cannot be plotted in Figure 4 . However, it is clear that they are similar to the other earthquake weak-motion estimates in this plot and would fall below the predictions from Models 1-4.
Seismic Survey Data
There have been several seismic surveys in shallow unconsolidated deposits in the Mississippi Embayment that imply that the quality factors of these deposits might be larger than is estimated by Models 1-4. These surveys were conducted using three methods: vertical seismic profiling (VSP), spectral analysis of surface waves (SASW), and seismic refraction. Pujol et al. (2002) and Ge et al. (2009) used VSP measurements from a compressed-air-driven hammer to estimate S-wave attenuation in seven shallow (approximately 60 m deep) boreholes located in the region around Memphis. Quality factors were estimated for the 10-50 Hz frequency band from the slopes of the uphole-downhole Fourier spectral ratios. Lai et al. (2002) used SASW to determine the spatial attenuation of Rayleigh waves produced using a vertical harmonic wave generator at a site on Mud Island near downtown Memphis. Quality factors were estimated for frequencies in the 5-70 Hz frequency band from the simultaneous inversion of surface-wave dispersion and attenuation data. Wang et al. (1994) used shallow refraction measurements produced with a plank and hammer at 20 sites to estimate S-wave attenuation in the region around Paducah, Kentucky. They estimated the quality factors of individual soil layers for frequencies of 0 to 40-60 Hz from critical refractions using the pulse-broadening technique. These estimates that ranged between 8 and 58 were used to develop a relationship between Q ef and V S given by the equation
for S-wave velocities ranging between 175 and 610 m=sec. The standard error of estimate of this relationship is 12.10. The inferred quality factors are assumed to represent intrinsic attenuation for reasons presented later in this section. Only the upper 30 m of the sediments investigated by Wang et al. (1994) , representing S-wave velocities of 175-260 m=sec, are Quaternary in age (Harris and Street, 1997) . The deeper and higher-velocity sediments represent Eocene or older strata. According to figure 9 of Wang et al. (1994) , the quality factors within the Quaternary sediments range between 8 and 28, with most falling between 16 and 28. These values are similar to those found from the VSP measurements in similar age deposits. All of these estimates are plotted in Figure 4 (gray open squares and gray dashed line), where they can be compared with the predictions from Models 1-4.
Similar results to those found in the Mississippi Embayment have also been found in California using the VSP and SASW methods. Rix et al. (2000) applied the same surfacewave technique that Lai et al. (2002) used in Memphis to estimate the damping ratio ξ 1=2Q in of soil layers down to a depth of 12.5 m at the Treasure Island National Geotechnical Experimentation Site in San Francisco Bay. Their damping ratios, corresponding to Q in 49 for fill and soft bay mud with V S 145 m=sec, were found to be similar to those derived from low-strain resonant column and torsional shear tests on homogenous soil specimens from a nearby borehole. The consistency between the SASW and low-strain laboratory measurements indicates that the SASW method measures primarily internal or intrinsic damping. Boore et al. (2003) used VSP measurements to estimate an average damping ratio of 0.012 ( Q in 42) in the upper 220 m of a borehole with V S 446 m=sec located at the site of the I10 La Cienega Boulevard Bridge collapse during the 1994 Northridge earthquake. They calibrated synthetic seismograms with the observed uphole-downhole Fourier spectral ratios in order to account for the nonintrinsic attenuation resulting from geometrical attenuation, interlayer reflections and reverberations, and changes in S-wave impedance. As a result, their estimate of attenuation likely corresponds to Q in rather than Q ef . They also noted that this damping ratio was somewhat low compared to those that had been obtained using the same method at other shallow (10-70 m deep) borehole sites in California with comparable velocities and fine-grained soils that range between 0.014 and 0.020 ( Q in 25 to 36). These latter Q in values along with several others that sample coarse-grained soils and soft rock (D. Boore, see Data and Resources section) are plotted along with those of Rix et al. (2000) and Boore et al. (2003) in Figure 4 (gray open circles). These values are found to fall in the same range as those in the Mississippi Embayment, and both are generally larger than those determined from weak-motion recordings. The seismic survey measurements on stiff soils and rock are the exception. These values are inexplicably smaller than those derived from weak-motion recordings for V S > 450 m=sec.
The comparisons in Figure 4 show that the estimates of the quality factors in the Mississippi Embayment that were obtained from shallow seismic surveys are larger than those that were derived from earthquake weak-motion data. This is true for the predictions from Models 1-4 as well as estimates that have been derived for the entire sedimentary column (Clouser and Langston, 1991; Wuenscher et al., 1991; Chen et al., 1994; Liu et al., 1994; Chapman et al., 2003 ; see also Dependence of Attenuation on Sediment Thickness section) and from borehole observations presented in the previous section. Although this could imply that the earthquake estimates are too low, there is evidence to suggest that this discrepancy might instead be due to the predominant attenuation mechanism and shear-strain amplitude of the measurements. The spectral-ratio methods that were used to derive the earthquake estimates potentially measure a combination of intrinsic and scattering attenuation. On the other hand, the seismic survey estimates in the Mississippi Embayment appear to represent primarily intrinsic attenuation because of the generation and spectral analysis of simple pulses rather than complex waveforms. For example, Barker and Stevens (1983) generated fundamental mode Rayleigh waves using a 1 ton soil compactor and the amplitude decay with distance to estimate the Q in structure at three sites in the Imperial Valley. The S-wave velocity structure was found by simultaneously inverting the phase and group velocities. They found that Q in increased from about 15-30 near the surface to 60-120 at a depth of 70 m for unconsolidated sediments with S-wave velocities ranging from 150 to 350-m=sec. These values are similar to those calculated by Wang et al. (1994) from the distance decay of direct arrivals of critically refracted waves. Ge et al. (2009) used a synthetic wave-propagation algorithm that included reverberations within layers, dispersion effects, and anelastic (intrinsic) attenuation to confirm that the estimates of attenuation that they obtained from the spectral-ratio method using VSP measurements were consistent with intrinsic attenuation. They found that they could match the amplitudes of the synthetics using their measured quality factors as estimates of Q in , suggesting that scattering effects are not a significant contributor to their estimates of attenuation and, by analogy, to those of Pujol et al. (2002) . They suggested that scattering effects are minimized because of the relatively thick layers (i.e., weak heterogeneities) within the upper 60 m of the sites that they investigated. Langston et al. (2005) used the SASW method to estimate an average Q in of 100 in the entire sedimentary section of the Mississippi Embayment from an analysis of the group velocity and amplitude-distance decay of band-pass-filtered explosion-generated Rayleigh waves. They interpreted the attenuation to be independent of depth and frequency in the 0.6-4 Hz frequency band. Three shallow chemical explosions of 23, 1134, and 2268 kg were used to generate Raleigh waves out to distances as far as 130 km. Basic assumptions of the analysis were that the dominating pulses in each of the band-pass waveforms represented fundamental mode Rayleigh waves that propagated with r 1=2 geometrical spreading and that intrinsic attenuation could be represented by a temporal rather than a spatial formulation. These assumptions were verified using synthetics. The lack of any significant contamination of the intrinsic attenuation estimates from scattering effects is also suggested by the larger value of P-wave Q in (Anderson et al., 1965; Kang and McMechan, 1994) that was found to be twice that of the S-wave value. Langston et al. noted that their estimate of Q in is more than three times higher than the estimates of 10-30 obtained in previous investigations in the Mississippi Embayment and hypothesized that unconsolidated and semiconsolidated sediments of the embayment might not significantly attenuate low-strain earthquake ground motions, consistent with the earlier conclusions of Langston (2003b) . This value is large even for intrinsic attenuation and, if verified in future studies, could have a large impact on the estimated seismic hazard in the Mississippi Embayment. Morozov (2008) found a similar value of Q in in unconsolidated and semiconsolidated sediments of 1.5 to 2 km thickness in the Kanto Plain near Tokyo from weak-motion borehole recordings reported by Kinoshita (2008) . Kang and McMechan (1994) used seismograms recorded at distances of 6 to 10 km from the shot point of a wide-aperture refraction experiment in the Mississippi Embayment in an attempt to estimate both Q in and Q sc . They used the common assumption that Q in is relatively independent of frequency and that Q sc is dependent on frequency in the frequency range of interest. They also assumed that the maximum scattering attenuation occurs at wavelengths near the dominant scatterer size that in this case was estimated to be 100 m. Simultaneous inversion of both direct P-and S-wave parameters yielded Q in 68 and Q sc ≈ 60 (the latter scaled from their figure 7) for the 0.8-6 Hz frequency band that gives Q ef 32 based on equation (2). The near equality of intrinsic and scattering attenuation demonstrates the importance of scattering effects over the 6-10 km horizontal distance used for the inversion. The value of Q ef , if it represents attenuation within the entire sedimentary column, is near the upper bound of earthquake estimates within the Mississippi Embayment and the other sedimentary basins described previously. However, Langston et al. (2005) noted that the primary S-wave arrivals at these distances appear to represent the attenuation due to that portion of the travel path that exists within the basement rock rather than in the sediments. However, if this were the case, I would have expected the quality factors, especially Q in , to be much larger. The Kang and McMechan (1994) and Langston et al. (2005) quality factors are plotted in Figure 4 (gray open squares), assuming V S ≈ 600 m=sec for the sedimentary column in the Mississippi Embayment (Andrews et al., 1985) .
Laboratory Data
Chang et al. (1992) performed resonant column tests on 35 soil specimens collected from local government agencies and engineering consulting companies in the upper Mississippi Embayment. They used these tests to estimate the lowstrain and high-strain shear modulus and damping ratio for each of the specimens. Shear modulus is related to S-wave velocity through the relationship G ρV 2 S , where ρ is the density of the soil. The low-strain tests were conducted at shear-strain amplitudes of 10 5 and less. Tests were done at confining pressures simulating depths of a few meters up to 30 m. Soil specimens were divided into six groups depending on their soil type: A1, alluvial sand (SP-SM); A2, terrace sand and gravel (SP-SW-SM-SC-GP); A3, Jackson fine sand (SP); B1, silty to sandy clay (CL); B2, Jackson clay (CL-CH); and C, loess (fine silt). The letters in parentheses represent the soil classification based on the Unified Soil Classification system. The tests yielded individual low-strain estimates of S-wave velocity that ranged between 100 and 480 m=sec and individual low-strain estimates of Q in that ranged between 6 and 280. Although individual estimates of Q in were found to vary by almost two orders of magnitude, the large number of tests provided stable mean values. These mean values along with their standard errors are plotted in Figure 4 (gray open diamonds). They generally plot in the middle of the values determined from the shallow seismic surveys and very close to the relationship derived by Wang et al. (1994) . The exception is Jackson clay, which with V S 150 m=sec and Q in 11, had the lowest mean effective quality factor of any of the soil groups tested. This quality factor was consistent with the predictions from Models 1-4 even though it represents an estimate of intrinsic damping. Whitman and Richart (1967) list typical values of internal (intrinsic) damping in soils from laboratory tests run at relatively small strain amplitudes (∼10 4 ) normally encountered in foundation vibration problems and at confining pressures appropriate for near-surface soils. These values vary between 0.01 and 0.10 (Q in 5 to 50) with a median value of approximately 20. Clay and silty sands had the lowest values of Q in , consistent with the Mississippi Embayment soil specimens, and dry and saturated sands and gravels had the highest. Although not reported, the S-wave velocities associated with these soil specimens are likely around 200 m=sec, which makes these values consistent with the laboratory values of Chang et al. (1992) and the values derived from shallow seismic surveys plotted in Figure 4 .
Laboratory measurements of attenuation for homogenous rock typical of embayment lithology (e.g., Gomberg et al., 2003) that were performed at relatively low confining pressures consistent with sediment depths in the Mississippi Embayment and the Atlantic Coastal Plain are reported to be about 10 for shale and 20-30 for sandstone for frequencies in the 20-125 Hz range (Knopoff, 1964; Lay and Wallace, 1995) . Johnston and Toksoz (1980a,b) made laboratory measurements of intrinsic attenuation of S and P waves in hard sandstone (V S > 2000 m=sec) at frequencies of 10-20 kHz under both low-strain and high-strain conditions. At such high frequencies, strain amplitudes are relatively high, and attenuation is increased by scattering from microfractures within the specimens. Therefore, these results are more likely a measure of Q ef rather than Q in . The test results of Johnston and Toksoz (1980b) for shear-strain amplitudes of 10 6 -10 5 correspond to inferred S-wave quality factors of approximately 30-70 for dry specimens of hard sandstone, assuming that P-wave and S-wave quality factors are approximately equal (Johnston and Toksoz, 1980a) . Highstrain measurements of S-wave attenuation on these same specimens at large confining pressures (500-1000 bars) that presumably replicate low-strain conditions (Johnston and Toksoz, 1980a) yielded quality factors of around 30 for saturated sandstone and around 100 for dry sandstone. The range of inferred low-strain quality factors for the dry and saturated sandstone specimens is plotted in Figure 4 (gray open diamonds connected by a gray dashed line) at an S-wave velocity of 1900 m=sec. These laboratory values are found to bracket the predictions from Models 1-4, assuming that they represent an estimate of effective rather than intrinsic attenuation. The relatively high attenuation that has been found for saturated sandstone might help to explain the relatively low quality factors that have been estimated for Mississippi Embayment and Atlantic Coastal Plain sediments from weak-motion data.
Effect of Shear-Strain Amplitude
What is referred to as low-strain shear-strain amplitude will vary depending on the method used to conduct the attenuation measurements and on the stiffness of the sediments. The low-strain asymptote of damping versus shearstrain curves from laboratory test data generally have shear-strain amplitudes of 10 6 and less. Low-strain seismic survey tests can induce shear-strain amplitudes as high as 10 5 . Low-strain weak-motion data can generate shear-strain amplitudes as high as 10 4 . Internal damping versus shearstrain curves from laboratory test data (e.g., Chang et al., 1992; EPRI, 1993) indicate that damping can increase significantly over this range of shear-strain amplitude. For example, the EPRI curves for confining pressures consistent with depths of 0-36 m predict an increase of the damping ratio from about 0.01 at 10 6 shear strain to about 0.03 at 10 4 shear strain. This corresponds to a decrease of 70% in Q in from 50 to 15. Drnevich and Richart (1970) provide a specific example based on laboratory tests on virgin specimens of dry Ottawa sand that were compacted to confining pressures consistent with depths of 6 m or less. They found damping ratios on the order of 0.005 (Q in 100) and 0.015 (Q in 30) at shear-strain amplitudes of 10 5 and 10 4 , respectively. Damping ratios were found to increase by about a factor of 2 (i.e., Q in was found to decrease by a factor of 2) when the sand was subjected to a million cycles of prestrain at a shear-strain amplitude of 6 × 10 4 . These prestrained estimates are similar to those predicted by the EPRI curves for the same shear-strain amplitudes. Laboratory experiments by Johnston and Toksoz (1980b) at frequencies of 10-20 kHz provide an example of the strain-dependence of attenuation in hard rock. They found that values of Pwave Q in decreased from about 60-75 at 10 6 compressional strain to about 30 at 10 5 compressional strain for two specimens of dry, hard sandstone. Silva et al. (1999b) also noted that stiffer materials, including rock, are just as sensitive to shear-strain amplitude as softer materials. However, because these materials are harder, higher ground-motion amplitudes are required to generate the same shear-strain amplitude. Additional discussion of the inconsistency between quality factors obtained from low-strain laboratory data and earthquake weak-motion data can be found in the Discussion and Conclusions section.
Discussion
The site attenuation parameter κ 0 , when used in conjunction with the quarter-wavelength method of site amplification defined in equation (8), must account for all attenuation mechanisms, whether they are due to intrinsic anelasticity or to scattering effects. The reason for this is that the quarter-wavelength method is based on the nonresonant amplification produced as a result of energy conservation of waves propagating through materials of gradually changing velocity (Joyner et al., 1981) that ignores geometrical damping mechanisms such as geometrical attenuation, phase conversions, and scattering from reverberations between layers and from heterogeneities within the sediments. Therefore, it is altogether appropriate to estimate κ 0 using the lower values of low-strain Q ef that are obtained from weak-motion data because they include the effects of both intrinsic and scattering attenuation. It also should be noted that observations of weak-motion data represent generally larger shearstrain amplitudes (up to 10 4 ) with a correspondingly smaller Q ef (possibly by a factor of 2) than low-strain seismic survey and laboratory measurements, as evidenced by the studies presented in the previous section. These higher shearstrain amplitudes are also consistent with the low-strain NEHRP site coefficients for site classes C, D, and E that attain their highest values at a relatively high peak acceleration of 0.1 g for site class B. Therefore, low strain in the context of this study refers to shear-strain amplitudes that are consistent with those induced by weak-motion recordings. Figure 4 indicates that the four Q ef models proposed in this study are generally consistent with Q ef values derived from weak motions. Therefore, I conclude that these models are appropriate for estimating κ 0 of sedimentary deposits for this study.
The impact of the uncertainty inherent in the four Q ef models proposed in this study is demonstrated by using them to estimate κ 0 for the Memphis site profile described previously. Equation (10) Table 1 and reasonably represent the uncertainty corresponding to the Boore and Joyner (1991) and Cramer (2004) Q ef profiles. Corresponding κ 0 values for the BC section of the sedimentary column are 18.0, 13.3, 17.3, and 13.5 msec for Models 1-4, respectively, yielding average Q ef values of 32.9, 44.5, 34.2, and 43.8. In this case, the estimated values of κ 0 do not bracket the value calculated from the intermediate Q ef profile because both the Boore and Joyner (1991) and Cramer (2004) profiles assume that Q ef 50 at the larger S-wave velocities; whereas, I used estimates as low as 30 for two of the Q ef models. The lower estimate is consistent with many of the borehole measurements described in the previous section for unconsolidated and semiconsolidated deposits of similar or larger S-wave velocity. There is some evidence that suggests that Q in might be as high as 100 in sediments of the Mississippi Embayment (e.g., Langston et al., 2005) , but as I mentioned previously, it is Q ef (combined intrinsic and scattering attenuation) that is relevant to the calculation of κ 0 . Therefore, for the estimates of κ 0 presented in the next section, I used Models 1-4 to estimate Q ef from V S in addition to any quality factors that were recommended by the investigator. I believe that these models adequately represent the uncertainty inherent in Q ef estimates according to values reported in the literature for similar types of deposits.
Estimates of κ 0 for Sedimentary Deposits
In this section I augment the previously summarized measured values of κ 0 for sedimentary and BC sites in ENA (Table 2) Table 2 . Following is a brief description of the studies that were used in these calculations. Boore and Joyner (1991) developed a generic 650 m deep sedimentary column for ENA from in situ measurements of S-wave velocity summarized by Bernreuter et al. (1985) and Q ef values inferred from weak-motion recordings in the Mississippi Embayment. The BC section of this sedimentary column is 565 m thick. Using equation (10), I calculated a κ 0 of 29.7 msec ( Q eff 27:5) for this sedimentary column using the inferred Q ef profile that agrees with the 30 msec value given in the paper. As seen in Table 2 , the values of κ 0 and Q ef from the inferred Q ef profile fall near the high and low range, respectively, of the values calculated from the four Q ef models proposed in this study. This is consistent with their assignment of Q ef 50 over a substantial thickness of the profile, which I used to represent one end member of the Q ef models proposed in this study. Wen and Wu (2001) developed generic S-wave velocity profiles for the cities of Memphis, Tennessee; Carbondale, Illinois; and St. Louis, Missouri, for which the depths to hard rock (V S > 2000 m=sec) were estimated to be 1000, 165, and 16 m, respectively. They reported κ 0 values of 63, 43, and 7.6 msec for these three sedimentary columns that they calculated using equation (13) (C. Wu, personal comm., 2008) . The sediments beneath Carbondale and St. Louis have S-wave velocities no greater than 310 m=sec and directly overly Paleozoic limestone with V S 2900 m=sec that makes them very shallow soil sites. Such sites are subject to strong resonance effects and, as a result, are unsuitable for estimating κ 0 for purposes of this study. Therefore, I limited my calculations to the Memphis sedimentary column. The BC section of this column is 600 m thick. Park and Hashash (2004) to account for the contribution from the underlying hard rock (see text). ‡ Savannah River Site back calculate a low-strain damping profile for the embayment. The recording sites were located in the lowlands (alluvium) and uplands (loess) regions of the embayment with depths to Paleozoic bedrock (hard rock) between 250 and 720 m. They used the 1010 m deep lowlands and uplands S-wave velocity profiles developed by Romero and Rix (2001) to define the low-strain shear modulus. The backcalculations were performed by comparing the recorded ground motions with those calculated from nonlinear siteresponse analyses using bedrock motions developed using the point-source stochastic simulation method. The modulus and damping curves developed by EPRI (1993) were modified to use the low-strain damping values from the back calculations. As seen in Table 2 , the values of κ 0 and Q ef for the sedimentary column that were estimated using the Park and Hashish back-calculated Q ef profile fall within the range of values calculated from the four Q ef models proposed in this study. However, the values for the BC section of the sedimentary column fall well outside of the range calculated from these four models as a result of their relatively large estimate of Q ef 125 for the deeper part of the profile. Additional discussion of this back-calculated Q ef profile is presented later in the paper. Chapman et al. (2006) used velocity measurements, shallow geotechnical studies, and geological investigations conducted by various investigators to develop 52 detailed 830 m thick S-wave velocity profiles in the Charleston area. The BC section of the sedimentary column for all of these profiles is 327 m thick. The profiles are underlain by Mesozoic and Paleozoic basement rocks of high S-wave velocity (hard rock). These authors performed site-response analyses for each of the profiles using the 1D equivalentlinear method with modulus and damping curves that were developed from laboratory measurements. Basement-rock ground motions were estimated using the point-source stochastic simulation method. They found that many of the laboratory measurements predicted very small low-strain damping ratios (in some cases equivalent to Q in > 1000). As a result, they constrained the low-strain value of Q in to be no larger than 100 for the sediments below a depth of 100 m, noting that even these values are high when viewed in comparison with most published studies of attenuation using weak-motion data from earthquakes that report values typically less than 50. For example, using a shear-strain amplitude of 10 6 for a typical site in downtown Charleston, the Q in values assumed by Chapman et al. (2006) resulted in a site attenuation parameter and average quality factor of κ 0 15 m sec and Q in 85 over the 830 m thick sedimentary column that they noted is inconsistent with the κ 0 49 m sec that Chapman et al. (2003) calculated from weakmotion recordings for the nearby shallower Summerville profile. As seen in Table 2 , the relatively small value of κ 0 inferred by Chapman et al. (2006) for the Charleston profile is outside of the range of values from the four Q ef models proposed in this study. However, their use of the larger Q in values is mitigated to some extent by their use of a siteresponse algorithm that includes wave-propagation effects. Furthermore, the purpose of their study was to estimate site amplifications for large ground motions that are controlled by the high-strain parts of the modulus and damping curves that are unaffected by the low-strain damping values. The larger κ 0 values calculated in this study for the Charleston profile as compared to the Summerville profile is due to the softer sediments that are present in downtown Charleston, where average S-wave velocities in the upper 62-83 m of the sedimentary column range from 265-310 m=sec, or nearly a factor of 2 less than those in the Summerville area (Chapman et al., 2003) . (Table 2 ). Each profile terminates at hard rock (V S ≥ 2000 m=sec). H&A, the generic S-wave velocity profile for the Mississippi Embayment developed by R. Herrmann and A. Akinci (see Data and Resources section); USGS, the hypothetical BC site profile of Frankel et al. (1996) . (Table 2) . Each profile terminates at hard rock (V S ≥ 2000 m=sec). The original Park and Hashash (2004) profile extends beyond the right boundary of the plots to a value of 125. H&A, the generic Q ef profile for the Mississippi Embayment developed by R. Herrmann and A. Akinci (see Data and Resources section); USGS, the hypothetical BC site profile of Frankel et al. (1996) with Q ef values estimated from Models 1-4 proposed in this study.
USGS Hypothetical BC Site Profile
The hypothetical ENA BC site profile used by Frankel et al. (1996 Frankel et al. ( , 2002 and Petersen et al. (2008) to calculate BC ground motions for the national seismic hazard maps has a shallower depth to hard rock and a steeper S-wave velocity gradient than the relatively deeper BC site profiles described in the previous section (Fig. 5) . According to Frankel et al. (1996) , the relatively steep velocity gradient was intended to be steeper than that for a typical WNA rock site. A less steep gradient was imposed below 200 m where velocities approached those corresponding to hard rock at depth. The velocities and densities were chosen with consideration given to the gross differences in the lithology and age of the rocks in ENA as compared to coastal California, where much of the borehole data comes from that can be used to constrain velocity-depth relationships. Their expectation was that ENA rocks should have higher velocities and densities than rocks in coastal California at any given depth below the surface. Frankel et al. (1996) adopted a κ 0 of 10 msec to use with this hypothetical BC site profile that they attribute to studies of S waves recorded at various levels in a 300 m borehole at the U.S. Department of Energy Savannah River Site (SRS) in Aiken, Georgia (Fletcher, 1995) . Fletcher did not provide any information regarding the lithology or S-wave velocity of this borehole. However, an interpretation by R. Lee (see Data and Resources section) of the S-wave velocity measurements obtained in a borehole at this same location (Lee et al., 1997 (Lee et al., , 2007 yields V S30 310 m=sec at this site. This S-wave velocity places the SRS profile in site class D according to the NEHRP Provisions (BSSC, 2004) . The BC section of the sedimentary column has a thickness of 116 m once the sediments with V S30 < 760 m=sec are stripped away. Fletcher (1995) determined a total path t from recordings at the surface and at a depth of 91 m in this borehole (the basement-rock instrument was not working) from four shallow earthquakes (M 1.8-3.6) located at distances of 19-141 km from the SRS. According to the interpreted velocity log provided by R. Lee (see Data and Resources section), the S-wave velocity at the 91 m depth is estimated to be 420 m=sec, representing the lower range of NEHRP site class C, which is still significantly less than that corresponding to BC site conditions. Assuming κ t , Fletcher (1995) interpreted the observed systematic increase in t with distance in terms of equation (7) and found a κ 0 of 6 msec for both the surface and downhole recordings. In contrast, he calculated a t of 14 msec from the high-frequency fall-off of the spectral ratio (surface=325 m downhole) of ground motions recorded from a blast set off near the borehole site. The similarity of the surface and downhole estimates of κ 0 from the earthquake recordings and their discrepancy with respect to the t inferred from the blast data lead Fletcher (1995) to dismiss the κ 0 estimates from the earthquake recordings as mostly random error.
The hypothetical USGS profile attains an S-wave velocity in excess of 2000 m=sec (hard rock) at a depth of 175 m.
The Memphis, Mississippi Embayment, and Charleston BC site profiles compiled in this study reach this velocity at depths ranging from 327 to 600 m ( Table 2 ). The Carbondale profile of Wen and Wu (2001) has about the same depth to hard rock as the hypothetical USGS profile, but it is composed of much softer deposits in the upper 30 m and as a result has a substantially higher κ 0 of 43 msec. Without having a reasonable in situ analog for the hypothetical USGS BC site profile, I decided to derive an independent estimate of κ 0 using the same method I used to estimate κ 0 for the other BC site profiles analyzed in this study. The results are summarized in Table 2 . The calculated values of κ 0 from the four Q ef models proposed in this study were found to range between 3.4 and 4.0 msec ( Q ef 37:3 to 43.1) for the BC section of the sedimentary column and between 8.4 and 9.0 msec for the entire BC site profile. These values are somewhat less than the 5 msec value ( Q ef 29:7) for the sediments and the 10 msec value for the BC site profile assumed by Frankel et al. (1996) .
Additional support for the relatively small κ 0 used by the USGS comes from an independent evaluation of the SRS seismic survey data. The SRS site is located northwest of Charleston where the Atlantic Coastal Plain sediments are much thinner than at Charleston or Memphis. The interpreted S-wave velocity profile for the site provided by R. Lee (see Data and Resources section) and described in Lee et al. (1997 Lee et al. ( , 2007 indicates a depth of 294 m to hard rock. The BC section of this profile is 116 m thick, less than that assumed in the USGS profile. The range of κ 0 values for the SRS sedimentary column determined in this study (25.6-36 .2 msec) is larger than the t 14 m sec determined by Fletcher (1995) from blast data, possibly reflecting the larger shear-strain amplitudes associated with the earthquake-based Q ef models proposed in this study. The values of κ 0 for the BC site profile at SRS were found to range from 9.4 to 10.1 msec (Table 2) . Therefore, it appears that although there is an equivocal basis for the original value of κ 0 used to characterize site attenuation in the hypothetical USGS BC site profile (Fletcher, 1995) , the selected value is relatively consistent with estimates determined from an independent assessment of κ 0 using the approach proposed in this study. Nevertheless, the issue, discussed in detail later in the article, is whether such a shallow BC site profile should be used to represent a generic BC site in ENA for hazard mapping and other seismological and engineering applications.
Dependence of Attenuation on Sediment Thickness
The estimates of κ 0 determined in this study are summarized in Table 2 . The estimates for the geological and BC site profiles listed in this table are clearly dependent on the thickness of the sediments. As noted previously, Liu et al. (1994) also found κ 0 to be dependent on sediment thickness in the upper Mississippi Embayment. Their derived dependence of κ 0 on sediment thickness, after adding the 5 msec attributable to the hard-rock section of the geological profile, is given by the equation (Liu et al., 1994) κ 0 5:0 0:0499H Sed ; (18) where κ 0 is the site attenuation parameter for the geological profile (msec), and H Sed is the thickness of the sedimentary column (m). The standard error of regression is 6.2 msec, and the standard error of the slope is 0:0019 msec=m.
Interpreting the sediments as a uniform layer over a halfspace following the approach of , Liu et al. (1994) noted that the average quality factor for these sediments could be calculated from the expression
where b is the slope of the relationship between κ 0 and H Sed , and V S is the time-averaged S-wave velocity of the sediments. Combining this expression with equation (11), these authors calculated Q ef 36, from which I calculated κ 0 32 msec using their estimates of V S 560 m=sec and H Sed 650 m for the PANDA stations. These latter values were derived from the difference between the S and the converted S-to-P (Sp) phase travel times and sediment thicknesses beneath each of the stations, assuming that the converted phases were generated at the base of the embayment sediments. They also calculated the differential values of the κ 0 of S and P waves from the slopes of the logarithmic Sp-to-S Fourier spectral ratios for the 4-25 Hz frequency band following the approach of Clouser and Langston (1991) . They concluded that these differential values were consistent with the differences calculated using the independently derived S-and P-wave κ 0 values obtained from the spectral decay method. However, close inspection of their Figure 7 indicates that the κ 0 differences from the Sp=S ratios are systematically larger by ∼10 msec for κ 0 < 25 msec, owing to the presence of several very small or negative differences derived from the spectral decay method. A similar discrepancy was found in the values calculated using Sp=S ratios by Chen et al. (1994) as discussed in the following paragraph. Liu et al. (1994) also applied the technique of Anderson and Humphrey (1991) to simultaneously derive both κ and the corner frequency of the ω-square source spectrum for five S-wave spectra recorded at hypocentral distances of 10-18 km from one of the events. Because of the short distances, they found that the κ values calculated from these spectra using the spectral decay method were similar to the κ 0 values obtained for the same stations using the same method. They further found that the κ values were similar between the spectral decay and spectralfitting methods, providing additional confidence in the former, although this comparison is too limited to be considered a formal validation of the results. Chen et al. (1994) analyzed more than 260 earthquakes recorded at the same PANDA stations analyzed by Liu et al. (1994) to estimate Q P Q S relations for the upper Mississippi Embayment, where Q P and Q S are the frequencyindependent quality factors of P and S waves, respectively. The relations were derived using Sp=S spectral ratios for a fixed frequency range of 2-25 Hz. They interpreted their average Q P Q S relation to infer a Q S ( Q ef ) of 25 to 30, based on the assumption that Q S falls between 0:53Q P and 1:79Q P as suggested by Wuenscher et al. (1991) . The Q ef 36 found by Liu et al. (1994) using the spectral decay method is 31% higher than the Q ef 27:5 determined by Chen et al. (1994) using the Sp=S spectral-ratio method. This difference corresponds to an equivalent difference in the estimated value of κ 0 according to equation (11), assuming all remaining parameters are held constant. Liu et al. (1994) attributed this difference to the use by Chen et al. (1994) of a fixed lower-bound frequency of 2 Hz, which they claim is below the corner frequency of many of the smaller events used in the analysis and, therefore, can lead to a potential underestimate of the spectral slopes and resulting differential κ 0 values. However, according to the methodology used by Chen et al. (1994) , a smaller differential κ 0 corresponds to a larger Q S =Q P ratio that in turn leads to a larger value of Q S according to their figure 8. Therefore, I suggest that Chen et al. (1994) might have actually overestimated Q S . This conclusion is also supported by the Q ef of 22 determined for the upper 600 m of upper Mississippi Embayment sediments by Wuenscher et al. (1991) using the spectral decay technique of Anderson and Hough (1984) .
Following Liu et al. (1994) , I used the κ 0 values listed in Table 2 to develop a linear relationship between κ 0 and H Sed . I augmented these values with those reported by Liu et al. (1994) Figure 7 . Relationship between sediment thickness and the site attenuation parameter κ 0 for the geological and BC site profiles compiled in this study ( Table 2) . The values of κ 0 for the sedimentary sections of these profiles can be determined by subtracting 5 msec from the value of κ 0 obtained from the plot. R. Herrmann and A. Akinci (H&A) (see Data and Resources section); L94, estimates from Liu et al. (1994) after adjusting for an apparent bias in κ 0 (see text). Chen et al. (1994) that suggest the κ 0 values reported by Liu et al. (1994) might be underestimated by a factor of about 1.3 (the ratio between Q ef values of 36.0 and 27.5, the average of the range reported by Chen et al. (1994) ). A similar bias of about 1.5 was reported by Liu et al. (1994) between their estimates and those from low-amplitude recordings at two strong-motion stations for which an independent estimate of κ 0 was derived by spectral fitting. I also updated the sediment thicknesses of the PANDA stations with those interpolated from well logs by Chen et al. (1996) . A least-squares regression on these two parameters yielded the equations Figure 7 , where they are compared with the relationship between κ 0 and H Sed inferred from equations (13) and (15) Liu et al. (1994) are in general agreement with the depth-dependence of the κ 0 values estimated in this study.
I developed a similar relationship between site attenuation and sediment thickness for the BC site data in Table 2 . A least-squares regression between these two parameters yielded the equations ( 23) where κ 0 is the site attenuation parameter for the BC site profile (msec), and H BC is the thickness of the BC section of the sedimentary column (m). The standard error of regression, R-square value, and standard error of the slope is 3.7 msec, 0.96, and 0:0014 msec=m for equation (22) and 116 m, 0.94, and 1:4 m=msec for equation (23) . I used only one set of values for κ 0 and H BC for the two Park and Hashash (2004) site profiles so as not to give them undue weight in the analysis. Equation (19) yields Q ef 37:5 for b 0:0304 msec=m and V S 878 m=sec, the timeaveraged estimate of S-wave velocity calculated from the data used in the regression. This value is virtually identical to the Q ef 36:8 obtained by averaging the observed values of Q 1 ef . The estimates of κ 0 from equation (22) should be decreased by 5 msec to represent the site attenuation corresponding to the BC section of the sedimentary column. The median prediction from equation (22) is plotted in Figure 7 .
Interpretation of Results
All of the κ 0 values for the BC site profiles listed in Table 2 fall within the two standard-error bounds of equation (22) except those estimated from the Park and Hashash (2004) site profiles using Q ef values back-calculated from weak-motion data. The reason for this discrepancy is their relatively large average quality factor ( Q ef 74:2) that is nearly a factor of 2 higher than the estimates of 27.3-48.5 found for the other profiles compiled in this study. This is due to their estimate of Q ef 125 for depths below 665 m (V S > 850 m=sec), which is significantly larger than the maximum value of 50 used in this study for deposits of similar S-wave velocity. In fact, it is even larger than the lowstrain (< 10 6 shear-strain) value of 83 that was determined for these same depths from laboratory tests (EPRI, 1993) . Despite the relatively high value of Q ef found for the BC section of the sedimentary column, the Park and Hashash κ 0 and Q ef estimates for the sedimentary column are generally consistent with those for the other sedimentary columns compiled in this study. This is due to their lower estimates of Q ef at intermediate depths within the sedimentary column as compared to the four Q ef models proposed in this study. There is likely to be a trade-off between the values of Q ef at intermediate depths and those at greater depths that are not easily resolved from surface recordings (Y. Hashash, personal comm., 2008) . Because the back-calculated damping ratios were derived from 1D site-response analyses, it is also possible that the damping ratios at large depths within the profile were not well constrained considering that overall site response is most sensitive to amplification and attenuation in the upper 100 m of the profile (e.g., EPRI, 1993; Kramer, 1996; Silva et al., 1999a,b; Langston, 2003a) . This points out an important source of uncertainty in the estimates of κ 0 summarized in Table 2 .
Another issue brought up by the Park and Hashash (2004) study is the discrepancy between the low-strain damping ratios back-calculated from weak-motion recordings and the low-strain damping ratios obtained from laboratory tests. These authors found that the back-calculated values of the damping ratio at shallow-to-intermediate depths within their profile were significantly larger than the lowstrain damping ratios estimated from the depth-adjusted laboratory damping curves (EPRI, 1993) . The low-strain (< 10 6 shear-strain) laboratory measurements infer a Q in value of 36 in the relatively soft near-surface sediments. The laboratory based values then increase rapidly to 50 at a depth of 14 m and 83 at a depth of 155 m. These values are substantially larger than those derived from weak-motion data for sediments of similar S-wave velocity in the Mississippi Embayment as well as elsewhere in the United States, Uzbekistan, and Japan (Hauksson et al., 1987; Clouser and Langston, 1991; Wuenscher et al., 1991; Chen et al., 1994; Liu et al., 1994; Abercrombie, 1997; Chapman et al., 2003; Langston, 2003a,b; Assimaki et al., 2008 ; see also the compilations in Abercrombie, 1997; Langston et al., 2005) . As noted previously, the likely reason for these differences are the scattering effects and the larger shear-strain amplitudes associated with the weak-motion recordings. Chapman et al. (2006) found a similar discrepancy in the Charleston geotechnical data and chose to restrict the low-strain values of Q in obtained from laboratory tests to 100 at depths below 100 m after they found that some of these values exceeded 1000, which they considered to be inconsistent with earthquake observations. Assimaki et al. (2008) found a similar discrepancy between low-strain damping ratios obtained from published laboratory tests (corresponding to Q in 15 to 50) and those obtained from downhole recordings of the 2003 M 7.0 Miyagi-oki aftershock sequence at depths less than 30 m (corresponding to Q ef 5 to 20). I also found a similar discrepancy in the low-strain damping ratios obtained from laboratory tests of soil specimens from the SRS borehole (Lee et al., 1997 (Lee et al., , 2007 . The laboratory measurements infer Q in values that range between 40 and 80 in the relatively soft near-surface sediments above 100 m and values that range between 50 and 100 for the stiffer sediments at depths between 100-300 m. On the other hand, effective quality factors at SRS estimated from the Q ef models proposed in this study were found to range from 16-25 for the shallower depths and 17-50 for the larger depths.
The discrepancy between estimates of Q in obtained from laboratory tests and the quality factors derived from earthquake recordings has long been recognized (e.g., Redpath et al., 1982; Redpath and Lee, 1986) . Redpath and Lee (1986) found a frequency-independent Q ef of 13 from Fourier spectral ratios of low-strain earthquake data between depths of 15.7 and 43.7 m in a borehole in soft bay mud near Richmond, California, for which V S 290 m=sec. In contrast, Q in was found to be 20 from laboratory tests on two soil specimens from this same borehole. The spectral ratios using the surface recordings gave conflicting results, possibly due to noise contamination or a poor constraint on the amount of attenuation in the upper 6.1 m.
As noted previously, Langston et al. (2005) found a frequency and depth-independent Q in of 100 in the Mississippi Embayment based on an analysis of the group velocity and amplitude-distance-decay of blast-generated Rayleigh waves. Morozov (2008) found a similar value using weakmotion recordings from a borehole in sediments several kilometers thick in Japan. Although this estimate represents intrinsic rather than effective attenuation, it is useful to show what impact this larger value would have on κ 0 . Assuming Q ef Q in 100 with the embayment sediment thicknesses and S-wave velocity profiles given in Boore and Joyner (1991) , Romero and Rix (2001) , and Cramer et al. (2004) , I calculated a κ 0 that ranged between 8 and 15 msec, substantially lower than the 21-74 msec values calculated from the Q ef models proposed in this study. Langston (2003a,b) showed that the Sp=S spectral-ratio method, the basis of many of the previous Q ef estimates in the embayment (Chen et al., 1994; Liu et al., 1994) , is insensitive to intrinsic attenuation (anelasticity) because of significant near-surface site resonance effects that can amplify rather than attenuate low-strain high-frequency ground motion through the embayment sediments. However, Langston (2003b) notes that wave scattering in the embayment sedimentary column can produce a general spectral fall-off with frequency (Q ef ) that mimics the spectral fall-off associated with low values of Q in . Assimaki et al. (2008) also found that attenuation due to scattering was a significant part of the total attenuation in their analysis of the 2003 M 7.0 Miyagi-oki aftershock recordings, which they suggested might be one of the causes of the discrepancy between their low-strain earthquake and laboratory damping values.
As discussed previously, the site attenuation parameter κ 0 , when used in conjunction with site amplification factors based on the quarter-wavelength method given by equation (8), must account for all attenuation mechanisms, whether they are due to intrinsic anelasticity or scattering effects. Therefore, it is entirely appropriate to use the lower values of Q ef that include the effects of both intrinsic anelasticity and scattering effects when estimating κ 0 for purposes of incorporating site amplification and site attenuation in the stochastic simulation of ground motion using the quarter-wavelength method.
Discussion and Conclusions
The estimates of κ 0 calculated for the sedimentary sites in this study (Table 2) were generally found to increase linearly with the thickness of the sediments with κ 0 values for the sedimentary column ranging from as low as 8 msec for a 16 m thick column to as high as 74 msec for a 960 m thick column and values for the BC section of the sedimentary column ranging from as low as 4 msec for a 116 m thick column to as high as 26 msec for a 600 m thick column. Path-averaged estimates of Q ef were found to range from 19 to 40 for the sedimentary column and from 28 to 74 for the BC section of the sedimentary column. The corresponding values of κ 0 for the BC site-profile, which include the 5 msec contribution from the hard-rock (V S ≥ 2000 m=sec) section of the profile that underlies the sediments, were found to range from 13 to 79 msec for the sedimentary column and from 9 to 31 msec for the BC section of the sedimentary column. These estimates are based on measurements of weak-motion recordings at sedimentary and NEHRP BC sites in ENA and on calculations from S-wave velocity and Q ef profiles that are based on weak-motion recordings in the Mississippi Embayment and the Atlantic Coastal Plain. The 17 msec value of κ 0 that was found by Silva and Darragh (1995) for deep softrock sites in ENA and the 20 msec value that was recommended by Silva et al. (1999b) for a generic deep BC site in ENA correspond to BC sediment thicknesses of about 370 116 m and 460 116 m, respectively, based on equation (23). This and a similar depth dependence found for the entire sedimentary column is consistent with the results of Liu et al. (1994) , Silva et al. (1999b) , and Wen and Wu (2001) , who found that thinner sedimentary deposits correspond to smaller values of κ 0 .
The strong dependence of κ 0 on sediment thickness suggests that it might be necessary to use more than one BC site profile for seismic hazard mapping and other seismological and engineering applications that are intended to provide ground motions for a generic reference BC site condition. Silva et al. (1999a,b) came to a similar conclusion after conducting site-response analyses for typical site profiles of varying depths in ENA and WNA. The single ENA BC site profile currently being used by the USGS for this purpose is relatively shallow with a site attenuation parameter that falls toward the lower end of the values estimated in this study. Adopting such a regional approach to defining variable reference site conditions would likely require a similar regionalization of the low-strain NEHRP site coefficients because site amplification has also been shown to be strongly dependent on sediment thickness (Kanai, 1983; Savy et al., 1987; EPRI, 1993; Kramer, 1996; Silva et al., 1999a,b) . An alternative approach would be to use hard rock as the reference site condition in ENA and develop a set of lowstrain site coefficients that take into account the variability of sediment thickness and V S30 throughout the region.
Until a regionalized site-response model is developed, the hypothetical USGS BC site profile remains the only publicly available profile that one can use to estimate ground motions for BC site conditions in ENA. It also continues to be the basis for the reference site condition in the 2008 national seismic hazard maps (Petersen et al., 2008) . The issue then becomes what value of κ 0 should be used with this profile. The most common use of the USGS profile is to provide an estimate of BC ground motions to use in conjunction with the NEHRP site coefficients (e.g., BSSC, 2004; ASCE, 2006; ICC, 2006) . Therefore, one way of choosing an appropriate value for κ 0 is to compare the amplification factors predicted from the USGS profile using candidate values of κ 0 with the low-strain BC site coefficients used in the building codes. I did this by first calculating Fourier spectra amplification factors from equation (8) using the USGS BC site profile and alternative κ 0 values of 10 and 20 msec with the computer program, SITE_AMP (Boore, 1996) . Using these amplification factors, I then calculated 5% damped response spectral acceleration using the stochastic groundmotion simulation computer program, FAS_DRVR (Boore, 1996) . This is the same method that Frankel et al. (1996) used to develop the amplification factors used by the USGS to estimate ground motions for BC site conditions from those on hard rock. Table 3 compares these estimates with the lowstrain NEHRP short-period site coefficient F a and the lowstrain NEHRP long-period site coefficient F v . Also listed in this table are the low-strain amplification factors used by the USGS (Frankel et al., , 2002 Petersen et al., 2008) and those developed by Hwang et al. (1997) and Silva et al. (1999b) for typical site profiles in ENA. The NEHRP site coefficients, the amplification factors of Silva et al. (1999b) , and one set of the amplification factors estimated in this study are an average over periods of 0.1-0.5 sec (shortperiod factor) and 0.4-2.0 sec (long-period factor). The other amplification factors in Table 3 were derived for periods of 0.2 and 1.0 sec to represent the short-period and long-period spectral ranges, respectively. The NEHRP BC site coefficients and the amplification factors reported for Hwang et al. (1997) and Silva et al. (1999b) are the geometric mean of the factors for NEHRP site classes B and C. * Note: Amplification factors are calculated with respect to ENA hard rock (NEHRP site class A). Amplification factors estimated by the USGS and in this study were calculated directly for BC site conditions; all other estimates represent the geometric mean amplification factors for NEHRP B and NEHRP C site conditions. The values given in parentheses represent a 10% uncertainty in the mean estimate, which is the estimated standard deviation of this estimate (Silva et al., 1999b) .
† Amplification factors are an average over periods of 0.1-0.5 sec (short period) and 0.4-2.0 sec (long period). ‡ Amplification factors are for individual periods of 0.2 sec (short period) and 1.0 sec (long period).
The results in Table 3 indicate that the low-strain NEHRP short-period site coefficients are similar to the low-strain BC amplification factors calculated in this study using κ 0 20 msec. As expected, the USGS short-period amplification factor is more consistent with the amplification factor calculated in this study for an individual period of 0.2 sec and κ 0 10 msec. The Hwang et al. (1997) and Silva et al. (1999b) short-period amplification factors are larger than those in this study, consistent with the larger depths to hard rock and the larger impedance contrast at the base of the sediments in their NEHRP site class B and C site profiles as compared to the USGS profile (Table 3) . I conclude from these results that the low-strain NEHRP short-period site coefficients are most consistent with the amplification factors calculated from the USGS BC site profile when site amplification is calculated with the quarter-wavelength method using κ 0 20 m sec.
The results in Table 3 indicate that the low-strain NEHRP long-period site coefficients are larger than all of the other amplification factors listed in this table. As expected, the USGS amplification factor is found to be consistent with the amplification factor calculated in this study for an individual period of 1.0 sec and κ 0 10 msec. The discrepancy between the low-strain NEHRP site coefficients and the other long-period amplification factors suggests that there might be a systematic bias in the site coefficients when compared to the amplification factors derived from site profiles more typical of unconsolidated and semiconsolidated sites in ENA. This bias is not likely to be caused by differences in site attenuation because the value of κ 0 does not have a large influence on the one-second spectral acceleration or the Fourier amplitude spectrum as demonstrated in Table 3 and Figure 1 . Instead, it likely corresponds to a WNA BC site profile that is generally thicker with a lower velocity gradient than the typical BC site profile in ENA (e.g., Boore and Joyner, 1997) . I also note that the two sets of amplification factors that are the closest to the low-strain NEHRP longperiod site coefficients are those that are based on the thickest site profiles (Hwang et al., 1997; Silva et al., 1999b) , which are substantially thicker than the 175 m thick USGS profile. Because of the large disparity amongst the long-period amplification factors in Table 3 , the apparent bias associated with the low-strain NEHRP long-period site coefficients and the relative insensitivity of the long-period amplification factors to the value of κ 0 , I conclude that the long-period results given in Table 3 cannot be used as a basis for selecting one value of κ 0 over another. These results also suggest that the low-strain NEHRP long-period site coefficients are not consistent with the expected amplification from the relatively shallow USGS BC site profile regardless of whether a κ 0 of 10 or 20 msec is used to define site attenuation.
Based on the results of this study and the discussion presented in the previous paragraphs, I conclude that it is more reasonable to use a site attenuation parameter or κ 0 of 20 msec rather than 10 msec with the relatively shallow hypothetical USGS BC site profile of Frankel et al. (1996) for purposes of estimating ground motions that are intended to be consistent with the reference site conditions used in the national seismic hazard maps and the short-period low-strain site coefficients in the NEHRP Provisions. Although there is a large degree of uncertainty in this estimate, it is consistent with the value recommended by Silva et al. (1999b) for a generic NEHRP BC site in ENA and with both measured and calculated values of κ 0 for BC sites located in the Mississippi Embayment, the Atlantic Coastal Plain, the Gulf Coast region, and the Denver Basin (this study; Silva et al., 1999b) . This conclusion should not be interpreted to imply that the smaller κ 0 value used by the USGS is inappropriate for their relatively shallow site profile (in fact the results of this study suggest otherwise). It implies only that the use of the larger value of κ 0 provides site amplification factors that are more consistent with the low-strain NEHRP short-period site coefficients that are often used to adjust BC ground motions to site conditions representing NEHRP site classes A through E (Borcherdt, 1994; Dobry et al., 2000; ASCE, 2006; BSSC, 2004; ICC, 2006) . However, neither of these κ 0 values produce amplification factors that are consistent with the low-strain NEHRP long-period site coefficients, suggesting that a thicker profile would be needed in addition to a higher value of κ 0 in order to match both the shortperiod and long-period site coefficients.
The studies of Hwang et al. (1997) and Silva et al. (1999b) suggest that site amplification factors are likely to be different for sites with the same generic NEHRP site class in ENA and WNA due to systematic differences in lithology and tectonic environment. Furthermore, there are large areas in ENA (and to a lesser extent in WNA) where there are relatively shallow soft sediments directly overlying bedrock, corresponding to a large impedance contrast, and relatively shallow weathered rock over hard rock, corresponding to a strong velocity gradient, that do not fit easily into one of the generic NEHRP site classes defined in the building codes. These problematic site conditions require special study and further indicate that a one-type-fits-all site coefficient might not be a reasonable means of incorporating local site conditions in the development of design ground motions.
The limited review of attenuation studies presented in this article has shown that there is a large degree of uncertainty and confusion that exists with regard to the low-strain attenuation characteristics of unconsolidated and semiconsolidated sediments in ENA. This is caused by a general lack of consensus regarding the dependence of attenuation on such factors as the attenuation mechanism, sediment thickness, degree of sediment saturation, wave frequency, shear-strain amplitude, measurement methods, and calculation methods. All of these issues are being addressed in a 5 yr (2008) (2009) (2010) (2011) (2012) study managed by the Pacific Earthquake Engineering Research Center, University of California, Berkeley, titled Next Generation Attenuation Models for Central and Eastern North America. This study should go a long way in starting a dialogue with the ultimate goal of developing a scientific consensus regarding these important issues.
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